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RESUME 
L'avancement technologique permet de reduire les couts des composants et des 
systemes operes dans la bande des ondes millimetriques du spectre electromagnetique. 
L'integration est la cle pour abaisser les couts et pour realiser des dispositifs petits et 
legers. A cette fin, la technologie basee sur le guide d'ondes rectangulaire tradition-
nel est abandonnee en faveur de circuits planaires integres. Cependant, 1'apparition de 
pertes importantes dans les lignes de transmission conventionnelles a frequences elevees, 
comme par exemple la ligne microruban ou coplanaire (CPW), est un defi majeur. Pour 
cette raison, ces dernieres sont souvent un choix inapproprie, parce que les pertes ex-
cessives dans la partie frontale d'un systeme a ondes millimetriques peuvent affecter 
considerablement sa performance. 
Cette these se penche sur un nouveau type de guide d'ondes dielectrique, qui est 
synthetise sur un substrat planaire par perforation des zones adjacentes a un canal de 
guidage au centre. Le guide resultant, nomme guide image integre au substrat (SIIG), 
ne permet pas seulement la transmission efficace des ondes electromagnetiques comme 
le guide image conventionnel, mais satisfait egalement les exigences de couts reduits et 
de facilite d'integration. Un premier objectif etait l'analyse detaillee des proprietes de 
propagation des differents modes existants, concernant l'attenuation, le comportement 
dispersif, la largeur de bande, les effets de fuite et l'impact des tolerances de fabrication. 
Pour ce faire, des techniques d'analyse specifiquement adaptees sont presentees, car les 
methodes etablies pour le guide image standard ne peuvent pas etre appliquees au SIIG. 
Des logiciels commerciaux de simulation sont utilises conjointement avec une approche 
a deux sections de guide, qui implique 1'extraction de la constante de propagation a partir 
des parametres S (de dispersion). Alternativement, la solution du probleme des modes 
propres d'une seule cellule unitaire aboutit au meme resultat. Les deux techniques four-
nissent des valeurs precises et concordantes, ce qui est confirme par mesures de proto-
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types fabriques au laser. II est montre que 1'attenuation minimale possible est beaucoup 
plus petite que celle des technologies integrees standards et que les pertes dependent 
principalement des materiaux dielectriques choisis. Par consequent, le SIIG est aussi 
une technologie attirante pour des applications au-dela de la bande millimetrique, soit 
dans la bande terahertz. Les recommandations pour les parametres geometriques du SIIG 
sont discutees et un modele equivalent simplifie avec zones dielectriques homogenes est 
introduit en vue d'accelerer la conception de composants passifs. 
Les transitions a faibles pertes d'insertion entre guides d'ondes differents sont des 
elements-cle indispensables pour une plate-forme hybride integree. Afin de permettre 
le branchement des instruments de mesure dans la bande W (75 GHz a 110 GHz), une 
transition du guide rectangulaire au SIIG a ete developpee. Une autre transition vers une 
ligne microruban ou CPW est essentielle pour rendre possible des mesures par sondes 
(sous pointes) et afin d'obtenir une compatibilite avec des circuits integres monoli-
thiques hyperfrequences. La ligne microruban et le guide d'image ont des exigences tres 
differentes quant a l'epaisseur du substrat. En consequence, les efforts ont ete concentres 
sur une transition entre le SIIG et le CPW. La transition concue fonctionne dans une large 
bande de frequences avec des pertes de radiation minimales. D'autres transitions vers le 
guide rectangulaire integre au substrat (SrW) sont egalement presentees dans le contexte 
des circuits integres sur substrat (SICs). La technologie SIC combine des lignes de trans-
mission planaires et des structures de guide d'ondes non-planaires qui sont synthetisees 
d'une facon planaire sur un substrat commun. Cette approche est accompagnee d'une 
haute precision d'alignement, ce qui elimine le besoin d'ajuster certaines parties du cir-
cuit apres coup. 
En tant que guide d'ondes ouvert ayant des pertes de transmission basses, le SIIG 
est particulierement approprie pour la conception d'antennes et des lignes d'alimen-
tation correspondantes. La similarite du SIIG a d'autres guides d'ondes dielectriques, 
specialement au guide image, suggere un transfert des connaissances depuis les antennes 
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dielectriques deja connues. Une antenne cierge SIIG de nature planaire a ete concue et 
fabriquee comme derive de l'antenne polyrod. Sa structure est simple et compacte, et 
offre un gain moyen dans une region autour de 10 a 15 dBi. Un second type est une 
antenne SIIG lineaire d'onde progressive, dont le faisceau peut etre dirige dans la direc-
tion de rayonnement transversal en raison du design adapte des elements de radiation. 
Le design novateur d'une antenne de mode a plaque dielectrique forme un faisceau de 
rayonnement longitudinal a l'aide d'une configuration a lentille planaire. Basees sur des 
technologies dielectriques, toutes les antennes presentees sont tres efficaces. 
II est bien connu qu'une radiation excessive se produit aux courbures prononcees 
dans les guides d'ondes dielectriques ouverts. Cependant, des approches qui utilisent un 
nouvel excitateur de modes de plaque et une lentille planaire peuvent diviser et combi-
ner la puissance electromagnetique dans un substrat dielectrique d'une facon efficace au 
moyen de methodes quasi-optiques. Un exemple qui demontre le principe de fonction-
nement et la faisabilite de cette technique est etudie theoriquement. 
Etant donne que le SIIG est synthetise sur un substrat planaire, il peut etre com-
bine d'une maniere hybride a d'autres structures guides sur le meme substrat en circuits 
integres sur substrat (SICs). II joint ainsi le SIW ainsi que le guide dielectrique non-
rayonnant integre au substrat (SINRD) et apporte des caracteristiques uniques comme 
son attenuation encore inferieure. Sa fabrication est par ailleurs plus tolerante a l'er-
reur et simplified a cause des trous non-metallises. Dans ce contexte, le SIW est modifie 
pour une fabrication sur substrats electriquement epais afin d'obtenir une compatibilite 
avec le SIIG a tres hautes frequences. Bases sur une nouvelle geometrie, des coupleurs 
SIW-CPW hybrides ont ete concus et la theorie fournie est apte a predire precisement 
le comportement de couplage. Finalement, une antenne SIIG a ete integree conjointe-
ment avec un amplificateur a faible bruit en technologie monolithique a 60 GHz afin de 
prouver le concept des circuits actifs integres sur substrat. 
Les resultats prometteurs obtenus avec la technologie dielectrique SIIG demontrent 
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son potentiel concernant ses faibles pertes et ses couts peu eleves. Ceci est valide en par-
ticulier pour une operation a frequences dans la bande millimetrique ou des technologies 
traditionnelles n'offrent pas la performance desiree. La combinaison de ces avantages 
a d'autres technologies sur une plate-forme SIC hybride va fournir aux concepteurs de 
systemes la flexibility, le rendement, et les faibles couts dont ils ont besoin. 
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ABSTRACT 
Technological progress is expected to drastically reduce costs for components and sys-
tems in the attractive millimeter wave (mmW) band of the electromagnetic spectrum. 
Integration is the key to achieve cost-efficiency as well as small and lightweight devices. 
To this end, the traditional rectangular waveguide technology is abandoned in favor of 
planar integrated circuits. A major challenge, however, is the occurrence of extensive 
conductor losses at mmW frequencies in conventional planar transmission lines, such as 
microstrip or coplanar waveguide (CPW). For this reason, the latter are often an inap-
propriate choice, because excessive losses in key components of mmW front-ends can 
significantly affect the system performance. 
This thesis deals with a novel type of integrated dielectric waveguide which is syn-
thesized on a planar grounded substrate by perforation of the zones adjacent to a guiding 
channel in the center. The resulting Substrate Integrated Image Guide (SIIG) not only 
allows for low-loss guidance of electromagnetic waves in a similar way as the standard 
image guide, but also meets the requirements of low cost and ease of integration. A 
first objective was the detailed analysis of the propagation properties of fundamental and 
higher order modes in this waveguide structure, regarding attenuation, dispersion behav-
ior, bandwidth, leakage effects, and the impact of fabrication tolerances. For this pur-
pose, specifically adapted techniques of analysis are presented, since established meth-
ods for the conventional image guide can not be applied to the more complex periodic 
SIIG. Commercial electromagnetic full-wave software is used along with a dual-line 
approach involving a subsequent extraction of the propagation constant from simulated 
S-parameters. Alternatively, the solution of the eigenmode problem of a single SIIG unit 
cell also performs the task. Both techniques are in good agreement and provide accurate 
results, which is supported by measurements on laser-fabricated prototypes. It is shown 
that the achievable attenuation is much lower than in the standard integrated technolo-
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gies and that losses mainly depend on the chosen dielectric material. As a consequence, 
the SIIG also is an attractive technology for applications beyond the mmW band, i. e. in 
the terahertz range. Design recommendations for the geometric parameters of the SIIG 
are discussed and a simplified equivalent model with homogeneous dielectric regions is 
introduced to speed up the design of passive components. 
Low-loss transitions between dissimilar waveguide structures are indispensable key 
components for a hybrid integrated platform. In order to enable the connection of stan-
dard measurement equipment in the W-band (75 GHz to 110 GHz), a transition from 
rectangular waveguide to SIIG was developed. Another transition to either microstrip 
or CPW is essential to enable coplanar probe measurements and to achieve compat-
ibility with monolithic millimeter wave integrated circuits (MMICs). Microstrip and 
image guide have very different requirements for the substrate thickness, for which rea-
son efforts were concentrated on a wideband transition between the SIIG and CPW. 
The designed transition shows good broadband performance and minimal radiation loss. 
Other transitions from the SIIG to the Substrate Integrated Waveguide (SIW) are also 
presented in the context of substrate integrated circuits (SICs). The latter technology 
combines planar transmission lines and originally non-planar waveguide structures that 
are synthesized in planar form on a common substrate. High alignment precision is a 
direct consequence, which eliminates the necessity for additional tuning. 
As an open dielectric waveguide technology with very small transmission loss, the 
SIIG is particularly suitable for antennas and corresponding feed lines. The similarity 
of the SIIG with other dielectric waveguides and especially with the image guide sug-
gests a knowledge transfer from known dielectric antennas. A planar SIIG rod antenna 
was designed and fabricated, as a derivative of the established polyrod antenna. The 
structural shape is simple and compact, and it provides a medium gain in the range of 
10 dBi to 15 dBi. A second developed type, an SIIG traveling-wave linear array antenna, 
is frequency-steerable through broadside due to special radiation elements. The novel 
Xll 
design of a slab-mode antenna forms an endfire beam by a planar lens configuration. In 
addition, all of those dielectric-based antennas are highly efficient. 
As is well-known for open dielectric waveguides, excessive radiation occurs at 
sharp bends and discontinuities. However, new techniques involving a novel slab-mode 
launcher and a laminated planar lens can split and combine electromagnetic power ef-
ficiently by quasi-optical means in a dielectric substrate. An example is studied, which 
shows the working principle and the feasibility of this approach. 
Being synthesized on a planar substrate, the SIIG can be combined in a hybrid way 
with other waveguide structures on the same substrate in so-called substrate integrated 
circuits (SICs). It joins the SIW and the Substrate Integrated Non-Radiative Dielectric 
guide (SINRD) and adds unique features like even lower loss and more tolerant, eased 
fabrication, since only non-metallized air holes are needed. In this context, the SIW 
is modified for fabrication on electrically thick substrates to achieve compatibility with 
the SIIG at exceedingly high frequencies. Based on a novel topology, hybrid SIW-CPW 
forward couplers were designed and the provided theory accurately predicts the coupling 
behavior. Finally, an SIIG antenna was integrated together with an MMIC low-noise 
amplifier at 60 GHz to prove the concept of active SICs. 
The promising results obtained by the dielectric SIIG technology demonstrate its 
low-loss and low-cost potential, especially at frequencies in the upper mmW spectrum, 
where traditional technologies do not offer the required performance. Combining these 
advantages with other technologies on a hybrid SIC platform will provide system de-
signers with the required flexibility, performance, and cost frame. 
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CONDENSE EN FRANCAIS 
Contexte des travaux de recherche 
Un nombre croissant de domaines d'applications industrielles emergent dans la 
bande des ondes millimetriques, qui s'etend de 30 GHz a 300 GHz. Si cette bande 
etait auparavant utilisee uniquement pour des applications militaires a cause des couts 
immenses des composants, elle attire aujourd'hui l'interet des industries automobiles, 
des communications sans fil, des technologies medicales, de securite et de beaucoup 
d'autres. Les avantages des ondes millimetriques, comme la disponibilite d'une enorme 
largeur de bande, leurs proprietes uniques de propagation, de reflexion et diffraction 
suggerent par exemple la conception de nouveaux systemes de communication, de radar 
et d'imagerie. Pour ces applications industrielles, les couts de fabrication jouent un role 
primordial. lis s'ajoutent aux exigences quant a la compacite, a la legerete et a l'effica-
cite, toutes etant indispensables pour un succes sur le marche. L'experience avec les pro-
duits micro-ondes a plus basses frequences a montre que l'integration a grande echelle 
est indispensable pour satisfaire toutes ces conditions initiales. C'est pourquoi la plupart 
des circuits micro-ondes utilisent la ligne microruban ou le guide coplanaire (coplanar 
waveguide - CPW), qui sont simples a fabriquer et peu couteux. Cependant, ces techno-
logies integrees generent trop de pertes de conduction aux frequences millimetriques au 
dessus de 30 GHz. Leur emploi pour les elements-cle dans une partie frontale (front-end) 
peut reduire considerablement la performance d'un systeme. 
Une solution pour repondre aux besoins mentionnes est Futilisation des guides 
dielectriques integres dont le mecanisme de guidage est base sur la reflexion totale a 
la surface de separation entre deux milieux dielectriques differents et non sur l'interac-
tion avec les courants dans un ou plusieurs conducteurs. Pratiquement tous les guides 
d'ondes optiques fonctionnent de cette maniere. De telles technologies ont ete inves-
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tiguees intensement dans les annees soixante-dix et quatre-vingt pour l'application dans 
la bande des ondes millimetriques. Du a sa simplicity, le guide image est un des resultats 
les plus populaires. II consiste en une barre dielectrique posee sur un plan de masse 
et presente une attenuation tres faible de l'onde guidee. Le plan de masse cause tou-
jours des pertes de conduction, toutefois largement reduites. Ce dernier a plusieurs fonc-
tions importantes, entre autre il sert comme blindage et constitue le support des circuits 
dielectriques planaires. Bien que le guide image presente les avantages d'integration et 
de faibles pertes, il est difficile et couteux de realiser des circuits complets, parce que 
1'integration hybride reliee aux autres technologies standards et la haute precision d'ali-
gnement necessaires presentent un grand defi. En consequence, le guide image conven-
tionnel n'est pas particulierement adapte a la production en masse. 
Une version modifiee du guide image est proposee dans cette these, qui facilite large-
ment 1'integration hybride de composants a ondes millimetriques. Cette nouvelle struc-
ture est nommee Guide Image Integre au Substrat (Substrate Integrated Image Guide 
- SIIG). Le point de depart est un substrat dielectrique planaire de haute permittivite 
(er ?» 10) qui est perfore dans les zones adjacentes a un canal de guidage au centre. 
Cette perforation entraine une reduction de la permittivite effective, ce qui genere un 
effet de guidage presque identique a celui du guide image uniforme, a l'exception de 
quelques particularites a cause de la periodicite. 
Plusieurs methodes de micro-fabrication sont disponibles afin d'effectuer la perfo-
ration du substrat d'une fajon tres precise. Entre autres, il y a la coupure par laser, 
la gravure humide et seche (DRIE), et la cuisson des ceramiques dans leur etat final 
(LTCC, HTCC). Comme toutes les structures SIIG synthetisees restent connectees par 
les murs de substrat entre les trous de perforation, la precision d'alignement est assuree 
d'une maniere inherente. Les surfaces libres et non-perforees sur le substrat sont dispo-
nibles pour accommoder d'autres parties d'un circuit, par exemple des elements actifs. 
Un avantage additionnel par rapport au guide image standard est la faisabilite de tran-
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sitions integrees entre guides d'ondes differents sur le substrat commun. Ceci epargne 
l'ajustement mecanique ulterieur, car la precision de fabrication est largement suffisante 
dans la plupart des cas. II devient ainsi facile de connecter un circuit monolithique {mo-
nolithic millimeter wave integrated circuit - MMIC) actif a une technologie dielectrique 
comme le guide image, ce qui etait tres couteux avant. 
Analyse, design, et mesures du SIIG 
Avant d'utiliser le SIIG pour la conception de composants et de circuits, il faut 
connaTtre exactement ses proprietes de guide d'ondes. La constante de propagation 
du guide image peut etre approximee par des methodes quasi-analytiques relativement 
simples. lis existent aussi des methodes rigoureuses, qui sont applicables aux guides 
dielectriques uniformes dans la direction de propagation, ce qui n'est pas le cas pour le 
SIIG. Ainsi, il est necessaire de concevoir des methodes d'analyse qui sont applicables 
au SIIG avec sa geometrie tridimensionnelle et periodique. A cette fin, deux techniques 
etant compatibles avec des logiciels commerciaux sont presentees dans cette these. Une 
methode est basee sur la simulation de la transmission d'ondes par deux sections de 
guide ayant une longueur differente. Ensuite, la constante de propagation est extraite des 
parametres S obtenus. L'autre methode est basee sur la solution du probleme aux valeurs 
propres d'une seule cellule unitaire du SIIG. Les deux techniques sont tres generates, 
peuvent tenir compte des pertes dielectriques ou de conduction, et montrent une tres 
bonne concordance des resultats. Du au maillage flexible des modeles simules, elles 
sont aussi applicables a d'autres structures guides comparables. 
A l'aide de ces techniques, le SIIG a ete analyse en detail et une serie de recom-
mandations pour les divers parametres de design ont ete elaborees. II est demontre que 
l'epaisseur du substrat a un impact decisif sur la bande d'operation monomode utilisable. 
Une largeur de bande maximale praticable est d'environ 25 %. L'intervalle periodique 
de la perforation ne devrait pas etre choisi trop grand afin d'eviter les bandes interdites 
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du SIIG ainsi qu'une radiation partielle par onde de fuite. II est aussi imperatif de former 
des zones perforees assez larges afin d'eviter des fuites laterales vers le substrat. Pour 
faciliter la conception des composants passifs, le SIIG peut etre remplace par un modele 
equivalent. Ce modele remplace les zones perforees reelles par des regions homogenes 
ayant une permittivity effective reduite. Un film d'isolation mince de basse permitti-
vite (er ~ 2) entre le substrat et le plan de masse reduit significativement les pertes de 
conduction. Pour cette raison et puisque ce film aide a relaxer la tolerance a l'erreur de 
fabrication, il est avantageux de l'inclure. Le SIIG est dispersif et l'attenuation simulee et 
mesuree d'un prototype sur silicium de haute resistivite est autour de 35 dB/m a 94 GHz. 
D'autres simulations ont montre que des niveaux d'attenuation encore plus faibles sont 
possibles si on utilise des materiaux dielectriques ayant des facteurs de dissipation plus 
petits aux frequences millimetriques. 
Excitation de mode dans le SIIG 
Pour effectuer des mesures et combiner le SIIG a d'autres guides d'ondes integres, 
il faut disposer de transitions qui rendent possible l'excitation du mode fondamental, 
soit le mode E\x. Une transition du guide rectangulaire deja couramment utilisee pour le 
guide image standard a ete modifiee pour le SIIG. Elle consiste en un cornet pyramidal 
pose sur un plan de masse dans lequel s'etend une extremite taillee du SIIG. Ainsi, il 
est possible d'adapter les champs des modes TEW du guide rectangulaire et E\x du SIIG 
graduellement, sans provoquer des pertes de radiation significatives. Une telle transition 
est importante afin d'effectuer des mesures de parametres S d'un composant passif ou 
le diagramme de rayonnement d'une antenne, car le guide rectangulaire est 1'interface 
standard des instruments de mesure en ondes millimetriques. Les pertes d'insertion me-
surees d'une seule transition du prototype sont autour de 0.5 dB a 94 GHz. 
Cependant, la transition decrite n'est pas appropriee pour l'integration au substrat. 
Une autre transition vers un CPW a ete concue a cette fin. Le CPW est compatible avec 
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des substrats electriquement epais dont le SIIG est dependant. Etant une technologie 
standard aux frequences millimetriques, le CPW permet la connexion de MMICs par 
microcablage ou par connexion par billes. La transition developpee contient un ou deux 
larges trous metallises, qui reflechissent l'onde vers la direction desiree. L'excitation 
d'un mode a plaque dielectrique s'effectue par un resonateur a plaque dans lequel une 
sonde de couplage coplanaire est gravee. La transformation au mode E\x se fait par des 
trous perces dans le substrat. Les simulations de la structure tridimensionnelle montrent 
une radiation parasitique de moins de -0.15 dB par transition, un niveau de reflexion 
inferieur a -20 dB et une perte d'insertion inferieure a -0.4 dB. A cause de difficultes 
de fabrication, ces valeurs ne pouvaient pas tout a fait etre obtenues avec un prototype 
mesure sous pointes. Pourtant, le fonctionnement est demontre et cette transition a ete 
utilisee plus tard avec succes pour un projet d'integration hybride entre un MMIC et une 
antenne SIIG dielectrique. 
Antennes dielectriques integrees 
En consequence de son caractere de guide d'ondes ouvert, le SIIG est parti-
culierement approprie pour la conception des antennes dielectriques integrees. Ses 
faibles pertes d'attenuation suggerent aussi son utilisation comme ligne d'alimentation 
des elements de rayonnement. Trois antennes ont ete developpees, elles trouveront des 
applications, dans les parties frontales de systemes a ondes millimetriques. L'une d'elles 
est une version planaire de 1'antenne cierge dielectrique ou polyrod. Elle est constituee 
d'un guide d'alimentation SIIG qui aboutit a une pointe taillee. Cette configuration per-
met une tres bonne adaptation des champs entre le SIIG et la pointe d'antenne et par 
consequent des reflexions peu elevees. Le plan de masse donne a l'antenne son dia-
gramme de rayonnement caracteristique, dont le lobe principal a une inclinaison d'en-
viron 30° par rapport a l'horizontale, comparativement au rayonnement longitudinale 
de l'antenne cierge dielectrique standard. Deux variantes sont etudiees theoriquement a 
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94 GHz, une avec de faibles lobes secondaires et une qui maximise le gain. La premiere 
a ete fabriquee et mesuree dans une chambre anechoi'que afin de verifier les resultats 
simules. Le gain depend principalement de la longueur de la pointe dielectrique et se 
situe typiquement entre 10 dBi et 15 dBi. La longueur du prototype est de 6 mm et le 
gain correspondant est de 13 dBi. Les resultats de mesure et de simulation sont presque 
identiques. Ce n'est pas la perte par reflexion qui limite la largeur de bande, mais la 
degradation du diagramme de rayonnement. Le rendement de l'antenne decrite a ete 
determine a 74 % par des simulations qui tiennent compte des pertes dielectriques et 
conductrices. 
Le deuxieme type d'antenne SIIG concu est une antenne lineaire a onde de fuite. 
L'onde qui se propage dans le SIIG en tant que guide d'alimentation est perturbee par 
des elements de radiation metallises, qui sont arranges periodiquement sur le canal de 
guidage. La theorie disponible pour ce genre d'antennes concernant le balayage du lobe 
principal en fonction de la frequence est completee. Elle permet de predire les limites 
de Tangle d'elevation du lobe principal sans que des lobes de periodicite soient generes. 
Contrairement a d'autres antennes possedant des elements de rayonnement periodiques 
qui sont alimentes en serie, ce design est capable de balayer le faisceau principal a tra-
vers la direction de rayonnement transversal. Ceci devient possible avec des elements 
speciaux, qui suppriment les reflexions distributes vers l'entree de l'antenne, faute de 
quoi apparaitrait une bande interdite. En plus, le niveau de rayonnement par element est 
ajustable sur une grande etendue, ce qui permet la conception d'antennes compactes 
avec un petit nombre d'elements. L'antenne a etc" realisee sur un substrat d'alumine 
pour une bande d'operation autour de 94 GHz. Les resultats de mesures de ce proto-
type concordent bien avec les resultats de simulation, sauf un decalage cause par les 
tolerances de fabrication. Cette antenne SIIG a onde progressive genere un faisceau plat 
etroit avec un gain de 11 dBi, soit 2.4 dB moins que la directivite simulee. Ces pertes 
incluent une transition de guide rectangulaire au SIIG. Le rendement de l'antenne, in-
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cluant la transition de guide rectangulaire au SIIG, se situe ainsi autour de 60 %. II est 
possible d'augmenter le gain par un rallongement de l'antenne ou par un arrangement de 
plusieurs antennes en parallele. 
Un troisieme type d'antenne dielectrique integree est basee sur une conception nova-
trice. Ce design n'a pas recourt au SIIG, mais il contient un excitateur de mode similaire 
a celui qui est utilise pour la transition CPW-SIIG. L'onde a plaque excitee est approxi-
mativement cylindrique et se propage avec une attenuation tres faible dans le substrat. 
Elle peut etre focalisee par une lentille planaire placee directement sur le substrat. Arm 
de rayonner l'onde vers la direction longitudinale dans l'espace libre, le plan de masse 
est courbe, ce qui entraine une transition d'une plaque dielectrique metallisee a une 
plaque non-metallisee libre dans l'air. Comme le confinement des champs guides est 
beaucoup moins fort, l'ouverture effective de l'antenne s'agrandit de sorte que le gain 
augmente et la dispersion au bord du substrat diminue. La largeur de bande est limitee 
par l'excitateur d'onde et est superieure a 20 %. Bien que cette antenne soit destinee aux 
applications a frequences millimetriques, un prototype agrandi a ete realise a 12 GHz 
en vue de faciliter la fabrication et les mesures. Son gain mesure est de 12 dBi, une va-
leur qui peut etre changee par modification de la lentille ou de l'epaisseur de substrat. 
Le fait que le champ electrique soit oriente perpendiculairement a la plaque dielectrique 
permet l'utilisation de substrats electriquement epais et de haute permittivite. En meme 
temps, le substrat utilise peut egalement accommoder des circuits integres, ce qui rend 
cette antenne a mode de plaque dielectrique compacte et simple a fabriquer a un cout 
peu eleve. Comme les autres antennes dielectriques presentees, elle a une efficacite tres 
elevee. Par consequent, ce type d'antenne est bien adapte aux systemes portables a ondes 
millimetriques. 
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Diviseurs de puissance SIIG 
Faire passer une onde electromagnetique par un coude etroit est un probleme general 
dans le contexte de guides dielectriques ouverts. Meme si un bon confinement des 
champs est obtenu par un contraste eleve de l'indice de refraction, une partie significa-
tive de la puissance est rayonnee au niveau de ces discontinuites, entraTnant des pertes de 
transmission excessives et de la diaphonie. Une recherche bibliographique et des etudes 
de simulation ont ete effectuees afin de trouver une solution applicable a la techno-
logie SIIG. Dans la plupart des cas, un rayon de courbure minimal est recommande, 
qui reduit les pertes par radiation a un niveau acceptable. Bien que ce choix soit sou-
vent fait dans le domaine optique, les dimensions necessaires dans un circuit integre 
a ondes millimetriques ne seraient pas justifiables. Une autre possibility de reduire la 
radiation parasitique est la variation graduelle de la permittivite effective des zones per-
forees. Cependant, cette approche necessite une perforation tres fine afin d'assurer la 
quasi-homogeneite, ce qui n'est possible qu'avec une technique de fabrication ultra-
precise et couteuse. Une troisieme approche implique une cavite resonante dielectrique 
a l'endroit du coude du guide dielectrique. Cette configuration a ete etudiee avec succes 
par d'autres chercheurs en deux dimensions, mais elle genere encore trop de radiation 
dans une structure tridimensionnelle comme le SIIG. Dans ce cas, la cavite fonctionne 
comme une antenne a resonateur dielectrique, a moins que la permittivite du substrat ne 
soit extremement elevee. En general, les methodes capables de reduire la radiation aux 
coudes du SIIG sont complexes et c'est pour cette raison que les applications preferees 
sont celles qui sont realisables uniquement avec des sections lineaires. 
La situation est differente pour les diviseurs de puissance. II est montre qu'une divi-
sion a deux branches est faisable si Tangle d'ouverture est petit. Toutefois, une telle jonc-
tion en "Y" est limitee a deux sorties SIIG. S'il y a besoin d'une division a un nombre 
plus eleve de canaux, un principe similaire a celui de l'antenne a plaque dielectrique peut 
etre applique. L'onde cylindrique excitee dans un substrat est transformee en une onde 
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ayant des fronts d'ondes droits a l'aide d'une lentille planaire posee sur le substrat. Par la 
suite, l'onde est facilement divisee aux canaux de guidage en technologie SIIG, avec un 
faible niveau de radiation. De tels diviseurs peuvent etre utilises pour des reseaux d'an-
tennes ou pour des groupeurs de puissance quasi-optiques a frequences millimetriques. 
Le SIIG dans le contexte des circuits integres sur substrat 
Dans le cadre de la technologie des circuits integres sur substrat {substrate integra-
ted circuits - SICs), deux types de guides synthetises sont deja developpes : le guide 
rectangulaire integre {substrate integrated waveguide - SIW) et le guide dielectrique 
non-rayonnant {substrate integrated non-radiative dielectric guide - SINRD). Ainsi, le 
SIIG est le troisieme qui se joint aux SICs. L'objectif final poursuivi avec la techno-
logie SIC est de combiner ces structures synthetisees avec les lignes de transmission 
standards (microruban et CPW) sur un substrat commun, afin de profiter des avantages 
specifiques a chaque guide d'ondes. Cette approche permet une haute performance du 
circuit a ondes millimetriques ainsi qu'une integration a grande echelle et a faible cout. 
Le SIIG est compare avec le SIW et le SINRD pour justifier son utilisation par ses ca-
racteristiques uniques. II est surtout le guide ayant les pertes d'attenuation les plus faibles 
aux frequences millimetriques. Par rapport aux autres structures integrees, les pertes 
conductrices du SIIG augmentent moins rapidement avec la frequence et il possede ainsi 
le plus grand potentiel d'application a des frequences encore plus elevees, c'est-a-dire 
dans la bande sous-millimetrique/terahertz. 
Le SIIG n'est pas facile a combiner avec le SINRD, car les deux guides exigent une 
epaisseur de substrat differente a la meme frequence d'operation. En plus, l'orientation 
du champ modal est orthogonale, ce qui complique l'adaptation. Par contre, le SIW est 
flexible par rapport a l'epaisseur du substrat et ne pose pas de problemes de compati-
bilite. Cependant, sa fabrication sur un substrat electriquement epais de haute permitti-
vite, requis par le SIIG, est problematique. Pour cette raison, la forme ronde des trous 
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metallises a ete abandonnee en faveur des contours rectangulaires. La stabilite structu-
relle est assuree par une plus grande distance entre les vias, entrainant ainsi des reflexions 
plus importantes vers l'entree du guide. Cependant, il est montre que l'adaptation peut 
etre amelioree d'une facon significativement en tenant compte de l'impedance "Bloch" 
reelle de la structure periodique. Une transition novatrice entre le SIW et le CPW qui 
est adaptee aux substrats epais a ete concue. Elle est constitute d'un dipole de couplage 
coplanaire et d'une cavite resonante qui sert d'element de couplage entre le SIW et le 
CPW. Un prototype a ete realise a 50 GHz sur un substrat d'alumine. Cette transition 
possede une large bande passante de plus de 30 % et la perte d'insertion simulee et me-
suree est de -0.4 dB et -0.55 dB, respectivement. Une configuration dos-a-dos de cette 
transition avec la transition CPW-SIIG proposee precedemment permet de relier le SIW 
avec le SIIG, ou directement ou avec un MMIC integre dans la section CPW. 
Un concept novateur de coupleur hybride a ete elabore, qui comporte un CPW grave 
dans la metallisation du cote superieur d'un STW. Le couplage entre le mode quasi-TEM 
du CPW et le mode TEm du SrW est evalue avec une theorie des modes couples. Le 
calcul difficile du coefficient de couplage est evite par l'application precedente d'une 
theorie des modes normaux. Un tel coupleur peut etre concu pour un niveau de couplage 
arbitraire allant jusqu'a 0 dB, ce qui correspond a un transfert entier de la puissance 
guidee. Autrement dit, il est possible d'operer le coupleur en mode transition. Plusieurs 
prototypes realises a 50 GHz confirment les resultats calcules et de simulation. Bases sur 
le meme principe, des coupleurs hybrides CPW-SIIG ou SRV-SIIG peuvent etre con§us. 
Un exemple simplifie d'un circuit hybride actif a ete fabrique pour demontrer la faisa-
bilite et l'utilite de la technologie SIC. A cette fin, un amplificateur MMIC a faible bruit 
est connecte a l'antenne cierge SIIG developpee precedemment par une transition CPW-
SIIG. Le MMIC est monte sur le meme tenon metallique (connecte a la base metallique) 
qui est utilise pour la transition et il est microcable aux lignes CPW sur le substrat d'alu-
mine. Les mesures de pertes de transmission entre l'antenne active fabriquee et une 
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antenne cornet ont ete effectuees sur une station de sondes a l'aide d'un analyseur de 
reseau. Les resultats confirment une tres bonne performance et suggerent l'implantation 
de telles technologies dans les parties frontales de systemes a ondes millimetriques. 
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A rapidly growing number of commercial applications stimulate the development of 
new technologies for the millimeter wave (mmW) band of the electromagnetic spectrum, 
which spans the frequency range from 30 GHz to 300 GHz. Important target applica-
tions include personal communications and high capacity wireless data links, various 
automotive and aircraft radar systems, sensors and spectroscopy, medical imaging, and 
security scanners. A comprehensive overview is given in [1]. All these future products 
will take advantage of one or more of the unique characteristics of millimeter waves, 
which include the broad available bandwidth, the good spatial resolution being realiz-
able with comparatively small antenna apertures, the ability to penetrate dust, smoke, 
or fog, the specific resonance frequencies of important atmospheric molecules in this 
frequency range, and last but not least the vast resources of so far unused frequencies. 
High-density integration is the key to mass-producible, cost-efficient, small and 
lightweight commercial products. Microstrip is the dominant integrated waveguide 
structure in the microwave range up to about 30 GHz. Its simplicity, low-cost fabri-
cation by printed circuit technology, and the vast available amount of design information 
cast in accurate empirical formulas for the use in circuit synthesis software have led 
to its popularity. At mmW frequencies (30 GHz - 300 GHz), however, the coplanar 
waveguide (CPW) is often preferred because the microstrip line then requires very thin 
substrates due to the potential overmoding and power leakage into substrate modes and 
because good ground connections by metallized vias become increasingly difficult to re-
alize. CPW is suitable for the mmW range, but inefficient wave guidance by metal-based 
waveguides constitutes a general problem in this frequency range. The increasing influ-
ence of the skin effect causes the currents to flow in a very thin region below a metal sur-
face and the surface roughness becomes a critical factor. In addition, the cross-sectional 
dimensions of the guide need to be scaled down towards higher frequencies to suppress 
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higher order modes and potential leakage or radiation. Both circumstances entail high 
current densities and hence significant conductor losses. The situation is even worse 
for the traditional integrated planar transmission lines, microstrip and CPW, because the 
existent electromagnetic field singularities at the conductor strip edges deteriorate the 
loss problem. In the past, researchers attempted to reduce the dielectric losses in the 
substrate material by applying techniques such as micro-machining, but the conductor-
related losses are by far dominant and could not be lowered significantly. Although this 
drawback is usually tolerated in miniature MMICs with very short transmission lines, it 
becomes a serious problem for the design of larger passive devices like antenna arrays 
and corresponding feeding networks, power dividers or combiners, directional couplers, 
phase shifters, resonators, and filters. For this reason, the preferred technology for such 
components at mmW frequencies traditionally was and still is rectangular waveguide 
due to its superior performance. Its wave attenuation is low because the modal fields are 
well distributed over the relatively large air cross-section without any field singularities 
present. Unfortunately, the rectangular waveguide is extremely expensive, heavy and 
bulky, and hardly integrable. 
Wave propagation on purely dielectric rods was first investigated at the beginning of 
the 20th century in a theoretical paper [2]. Experiments [3] and a general theory showing 
the existence of TE, TM, and hybrid modes [4] were published later. Dielectric rod anten-
nas came into use [5] and research on dielectric waveguides continued because of their 
promising low-loss properties and flexibility [6,7]. In contrast to metallic waveguides, 
where electromagnetic waves are guided by interaction of the fields with currents flow-
ing on conductors, the guidance effect of dielectric waveguides is based on total internal 
reflection at the dielectric-air interface. Since the actual wave guidance takes place at 
the surface of the dielectric material, those waves are referred to as surface waves. A 
guidance effect is also achieved when a dielectrically denser material is surrounded by a 
material of lower permittivity. Undoubtedly, the biggest story of success in this area is 
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that of the optical fiber, which can transport signals in the form of electromagnetic waves 
in the optical range over extremely long distances and thus rendered the Information Age 
possible, including the Internet. 
On the one hand, optical waveguides are generally purely dielectric, because met-
als have a plasma-like character at these wavelengths and would introduce too much 
transmission loss. On the other hand, radio frequency and microwave technology is tra-
ditionally based on metallic waveguide structures, because dielectric-based technologies 
do not provide the needed compactness and are more difficult to design. The mmW 
and terahertz ranges are located between those parts of the spectrum and suffer from a 
technology gap, as illustrated in Figure 1. This lack of a practical technology initiated 
the research for integrated dielectric waveguides. Examples include the image guide [8] 
and its rectangular strip version [9], the inverted strip guide [10], the non-radiative di-
electric (NRD) guide [11], and the inset guide [12]. All these structures have a metallic 
ground plane, but the conductor loss is small because there are no field singularities as 
found in the case of microstrip or CPW and the field concentration is comparatively 












for the optical range 
Figure 1 Technology gap between the microwave and optical parts of the electromag-
netic spectrum: Waveguides for long wavelengths are metal-based, whereas they are 
purely dielectric for short wavelengths. 
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to the transition region between the microwave part and the infrared/optical parts of the 
electromagnetic spectrum. Although wave guidance would be possible in the absence 
of any conductor, the use of a ground plane at mmW frequencies has several significant 
advantages. It provides an appropriate mechanical support for the dielectric lines, it acts 
as a one-sided shielding, and it can be used for biasing and dissipating heat from ac-
tive devices. Furthermore, the ground plane has the effect of shifting higher-order and 
degenerate modes to higher frequencies, thus increasing the useable single-mode band-
width. Of all the mentioned integrated dielectric guides, the image guide is the simplest 
and probably the most widely used. It obtained its name from the "mirror" effect of 
the ground plane. King [8] was mainly interested in the low-loss properties of the image 
guide with very loosely bound waves, whereas Knox [9] concentrated on the rectangular, 
high-permittivity image guide with the objective of integration. For the latter type, in-
sertion of an optional insulating dielectric film of low permittivity between the substrate 
and the metallic ground plane additionally reduces conductor losses [13]. Figure 2(a) 
shows a graphic of the resulting insulated image guide. 
A rich variety of passive and active components as well as circuits were realized in 
image guide technology, which prove the benefits of the integrated dielectric technology. 
Among them are leaky-wave antennas [14], filters [15], couplers [16], mmW oscilla-
tors [17], a V-band communications receiver [13], aW-band receiver [18] and a 94-GHz 
radar system [19]. Despite the fact that image guide is known for decades, it was not in-
tensively used in microwave or mmW integrated circuits. One reason was the absence of 
mass-producible MMICs for the mmW range, which are the basis for any cost-efficient 
commercial product today. This is changing now with the advances in technology and 
the increasing pressure of expansion to the mmW bands as a result of the shortage of 
frequency resources in the microwave range. Especially the low-cost CMOS technol-
ogy will play an important role and it becomes available for ever increasing frequencies. 
Even though the standard image guide offers very low attenuation loss, it has substan-
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Figure 2 (a) Insulated image guide and (b) exploded view of substrate integrated image 
guide (SIIG). 
tial drawbacks concerning integration and manufacturing. The single dielectric strips, 
which are very small at short wavelengths, have to be placed precisely on the support, 
i. e. the metallic ground plane. Not only tight control of the image guide's dimensions 
is required, but also a very demanding alignment precision of the guides relative to each 
other. The interconnection of image guide circuits to other transmission lines is probably 
the most serious limitation. In fact, it is difficult to combine different technologies due to 
the varying requirements for the support (e. g. ground plane versus dielectric substrate) 
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and the very high precision needed at mmW frequencies, not to mention the multiple 
fabrication steps. 
The above argumentation led to the proposal of a hybrid approach that accommodates 
diverse waveguide technologies on a common substrate [20]. In order to solve the men-
tioned problems, the substrate should not only serve as a support for hybrid circuits, it 
should also be the medium out of which three-dimensional waveguides are formed. This 
technology was baptized the "Substrate Integrated Circuits" (SICs), a combination of 
various planar and synthesized non-planar waveguides, which complement one another 
in their favorable properties [20]. The most popular and widely used of such waveguide 
structures is the Substrate Integrated Waveguide (SIW), an embedded version of the 
dielectric-filled metal waveguide [21]. The Substrate Integrated Non-Radiative Dielec-
tric guide (SINRD) was also investigated [22]. In this research work, the image guide 
was chosen as a starting point for a new synthesized version, the so-called Substrate In-
tegrated Image Guide (SIIG) [23]. It achieves even lower transmission loss than the SIW 
or SINRD [24] due to its open waveguide character. The SIIG is shown in Figure 2(b). 
Like the standard image guide, the SIIG possesses a continuous ground plane and an 
optional low-permittivity insulation film to lower conductor losses in the ground plane. 
However, the guiding channel is formed in a planar substrate by regular perforation of 
the adjacent regions instead of using an isolated dielectric strip. Removing parts of the 
high-permittivity substrate material (er ~ 10) has the effect of lowering the efficient per-
mittivity in the corresponding zones. Therefore, the SIIG produces basically the same 
guiding effect as the standard image guide, except for particularities due to the periodic 
structure. Despite the many similarities, the SIIG possesses several key advantages over 
the standard image guide with respect to eased fabrication at lower cost. First, a planar 
substrate is used, which is industry standard and the cheapest way to manufacture all 
kinds of electronic circuits. Second, the interconnection with other waveguide technolo-
gies on the same substrate is substantially simplified. Dielectric technologies are never 
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stand-alone in transceivers that comprise active devices with metal pins as inputs and 
outputs. Third, the proposed SIIG geometry is robust and allows for low tolerances and 
a high alignment precision. The outcome is a high-performance technology for small, 
lightweight, and cost-efficient circuits and systems. 
The first chapter of this thesis deals with the geometry of the SIIG, its dimensional 
parameters, and their effect on the propagation properties. The various methods used 
in the past to determine the propagation constant of standard image guide are reviewed. 
It is pointed out that those methods are not applicable to the SIIG and that rigorous 
three-dimensional (3-D) methods are necessary for a valid analysis of the periodic struc-
ture instead. Two techniques of analysis, based on a driven modal simulation and on an 
eigenmode solution using commercial software, were developed and are presented along 
with their advantages and drawbacks. Important design guidelines are deduced from the 
observed interdependencies and an equivalent SIIG model for simplified passive compo-
nent design is discussed. Fundamental differences between the SIIG and similar looking 
2-D photonic band gap defect waveguides are explained to avoid confusion. The chap-
ter closes with detailed information on possible fabrication techniques and employed 
experimental methods. 
In the second chapter, topologies for efficient SIIG mode excitation are presented. 
Such waveguide transitions are key components in every hybrid circuit or system, neces-
sary for interconnections between dissimilar technologies on a common substrate. Tran-
sition design is a challanging task, because the SIIG, in contrast to SIW or SINRD, is 
a completely open waveguide and therefore prone to excessive radiation at discontinu-
ities. First and foremost, a transition between SIIG and rectangular waveguide is es-
sential to connect standard measurement equipment in the W-band. Based on a tapered 
horn design, the presented version provides very low return and radiation loss. Another 
transition to CPW was developed in integrated planar form. Its outstanding wideband 
8 
performance enables coplanar probe measurements and hybrid SICs including active 
components. 
Novel dielectric-based antennas that use the SIIG as low-loss feed line are addressed 
in the third chapter. Two types of antennas, a planar dielectric rod antenna and an SIIG 
array antenna, are demonstrated along with their measured performance at 94 GHz. An 
extended theory regarding the limitations for single beam frequency scanning of the 
latter type is established. Special radiation elements are proposed, which allow scanning 
through broadside without suffering from high return loss due to the well-known effect 
of distributed Bragg reflection (DBR) in periodic leaky-wave antennas. In addition, 
an entirely novel dielectric antenna concept is presented, which comprises a slab-mode 
waveguide and a planar lens configuration to focus the generated quasi-optical beam. 
The fourth chapter covers the topic of power dividing and combining in open dielec-
tric technologies. As with conventional image guide, an unacceptable level of radiation 
occurs in an SIIG at discontinuities like bends or Y-branches. Since the remedial require-
ment of a large radius of curvature cannot be fulfilled due to certain design constraints, 
an alternative technique is investigated to direct the guided electromagnetic waves into 
several SIIG channels. Quasi-optical power splitting and combining in a grounded planar 
substrate is a compact and efficient solution to this problem. 
In the fifth chapter, the SIIG is put in the context of substrate integrated circuits. Its 
characteristics are compared with those of the already existing synthesized waveguides, 
the SIW and the SINRD. This is followed by a discussion on how these technologies can 
be combined with each other in order to exploit all the beneficial properties of a hybrid 
SIC. In particular, modifications of the SIW are suggested in order to achieve compat-
ibility with the SIIG. In this regard, a new transition from the modified SIW to CPW 
is proposed for use on electrically thick high-permittivity substrates. Another transition 
was designed for direct interconnection of SIW and SIIG. A novel concept for hybrid 
SIW-CPW forward couplers with arbitrary coupling level up to 0 dB is presented, ac-
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companied by a suitable coupled-mode theory and a study of the most important design 
parameters. 0-dB couplers allow for nearly complete complete power transfer and can 
also be used as transitions. Finally, the implementation of the SIIG in SICs is addressed 
in a conceptual study. A real example of hybrid integration of a 60-GHz mmW MMIC 
low-noise amplifier proves the anticipated feasibility and performance, also in conjunc-
tion with active devices. 
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CHAPTER 1 
ANALYSIS, DESIGN, AND FABRICATION OF THE SIIG 
This chapter deals with the SIIG geometry, the influence of important design parameters, 
techniques for analysis, as well as SIIG fabrication. Existent modes in image guide and 
their notation are addressed in the following section. 
1.1 Image guide modes and notation 
The theory of dielectric waveguide modes is discussed for example in [4] and [25]. 
Only some general remarks for better understanding will be made here. A waveguide 
mode is generally understood as a particular solution of Maxwell's equations (or more 
specific the derived wave equation) for the electromagnetic fields that propagate along 
a wave-guiding structure. In a hollow metal waveguide, an infinite number of discrete 
modes can exist. Some of these modes may be above cut-off, the others below cut-off 
(i. e. the propagation constant 7 is purely real and therefore the mode does not propagate 
but is attenuated in an exponential manner). All these modes together form a complete 
set, i. e. any possible field configuration inside the metal waveguide is a superposition of 
the modes. 
The situation is somewhat different for open dielectric waveguides like the image 
guide. Here, the guided modes also form a discrete spectrum, i. e. the modes have dis-
crete propagation constants for a given frequency. However, the finite number of discrete 
modes cannot fully describe any possible field configuration in the dielectric waveguide 
and therefore cannot be said to form a complete set. They are complemented by a con-
tinuous spectrum of radiation modes and reactive modes [26]. For this reason, a real 
cut-off frequency as known from metal waveguides below which mode propagation is 
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not possible does not exist. A certain mode may not be guided but still can propagate 
in the surroundings of the guide. Non-guided modes do not have an exponentially de-
clining field in the lateral direction and hence propagation also occurs in lateral direction 
away from the guide. Therefore, the term "divergence frequency" was suggested [27] 
instead of the well known cut-off frequency for metal waveguides. Nevertheless, the 
term "cut-off" is widely used today for dielectric waveguides. The discrete spectrum 
of guided modes and the continuous spectrum of radiation modes and reactive modes 
together form a complete set of modes which can describe any possible electromagnetic 
field configuration in an open dielectric waveguide. A detailed discussion of the differ-
ent kinds of modes and their characteristics is presented in [26] on the basis of a planar 
slab waveguide. 
Two different notations for indexing of the guided hybrid modes in image guide are 
used in the literature. One uses HEnm for modes whose cross-sectional fields resem-
ble that of an H- (TE-) wave and EHnm if they are similar to an E- (TM-) wave in a 
corresponding metal waveguide. Indices n and m count the field maxima in horizontal 
and vertical direction, respectively. Another notation was used in this thesis because it is 
more widely used. It specifies the modes as E%m and E%m, where the capital E stands for 
the electric field, the indices count the maxima in horizontal and vertical direction, and 
the dominant direction of the transverse electric field is indicated by x (horizontal) or y 
(vertical). Figure 1.1 shows the transverse electric fields of some lowest order modes of 
image guide and insulated image guide. 
The actually used mode should be easy to excite, have low loss, and show the smallest 
dispersion possible. It is usually a good idea to choose the fundamental mode of a 
waveguide and operate it in a frequency range where no other mode is guided. Then, the 
danger of mode conversion and disturbing interference is drastically reduced. For this 
reason, the E\x mode is preferred, even though the E^ mode has lower loss because its 
field concentration in the vicinity of the ground plane is lower [28]. Moreover, all modes 
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Figure 1.1 Transverse electric fields of some modes of image guide: (a) Eyn, (b) E\x, 
(c) E\\, (d) E%i modes in image guide, (e) Efx mode in insulated image guide 
of insulated image guide except the fundamental one have the potential to leak at certain 
frequencies because of the supported substrate modes [29]. 
The field distribution of all modes in image guide changes with frequency, i.e. it is 
more concentrated in the dielectric strip for increasing frequencies. As a result, propa-
gation is highly dispersive. Towards higher frequencies, the phase constant (3 asymptoti-
cally approaches the wave number in the strip, the medium with the highest permittivity. 
Figure 1.2 graphically illustrates the dispersion of image guide modes qualitatively. The 
phase constant (3 is close to the vacuum wave number k0 at low frequencies and asymp-
totically approaches the wave number of the medium with the highest relative permittiv-
ity sr, namely the dielectric strip. Multiple guided modes exist at high frequencies and 
therefore the operating frequency range is usually chosen to be in the region with the 
strongest dispersion for single-mode operation. 
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Figure 1.2 Qualitative dispersion behavior of image guide modes. 
1.2 SIIG topology 
The SIIG was first proposed in a paper on hybridization of waveguide technolo-
gies [20] and demonstrated for the first time in [30]. The starting point is a high-
permittivity dielectric substrate of a certain, required thickness. Such a dielectric slab, 
which may be grounded on one side, is capable of vertically confining and guiding a 
mode. A refractive index contrast in the horizontal plane is necessary in order to achieve 
additional horizontal confinement. This can be achieved by total (equivalent to the stan-
dard image guide) or partial removal of the substrate material adjacent to a guiding 
channel in the center. One way to partially remove dielectric material is perforation of 
the substrate by cutting or etching vertical holes into it. This technique was used be-
fore to improve the operation of patch antennas on high-permittivity substrates [31,32]. 
If the voids and their distance to each other are much smaller than a wavelength, then 
the guided wave "sees" a homogeneous region of artificially lowered effective permit-
tivity compared to the substrate material. An optional low-permittivity insulation film 
between the ground plane and the high-permittivity substrate further reduces the already 
low conductor losses. This is because the magnetic fields are less intense at the ground 
plane surface, thus inducing smaller current densities. Figure 1.3 shows the topology of 
a typical SIIG with important design parameters such as the width w and height d of the 
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Figure 1.3 Geometry and important design parameters of the SIIG. 
guiding channel (core dimensions), the hole diameter 2r, the lattice constant p, and the 
insulation film thickness h. 
A relevant aspect of the SIIG technology is the mechanical stability of the entire 
circuit. This means that the SIIG must stay connected in a rigid way with the rest of 
the substrate in order to build the mentioned hybrid circuits. To this end, a narrow wall 
between the holes needs to be maintained to keep everything connected. The thickness 
of this wall is equal to the difference p — 2r. For a given minimum wall thickness, an 
equilateral pattern of equal-sized air holes allows to remove most of the substrate and 
thus provides the highest refractive index contrast between the guiding channel and the 
surrounding zones [33]. It is for this reason that an equilateral hole pattern was employed 
for all SIIGs throughout the thesis. A high refractive index contrast is required for good 
field confinement and guidance by the SIIG. This is in contrast to optical technology, 
where large radii of curvature are feasible and where lower coupling efficiency (i.e. 
higher radiation) is usually accepted. The influence of the dimensional parameters on 
the SIIG's propagation properties is addressed in section 1.4, after the following section 
which deals with numerical analysis. 
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1.3 Modal analysis of SIIG propagation properties 
This section first reviews some of the most important analysis techniques for uni-
form dielectric waveguides. Two methods for the specific analysis of SIIG modes are 
presented subsequently. 
1.3.1 Approximate methods for dielectric waveguides 
Only dielectric waveguides that are uniform in one of the lateral coordinates (this in-
cludes circular cross-sections that are uniform in one cylindrical coordinate) possess an 
analytical solution of Maxwell's equations. The presence of corners, edges or roundings 
in open dielectric waveguides with other shapes effect the coupling of the electromag-
netic fields in a way that no solution in a separable form exists and all guided modes 
are of hybrid character, i. e. all six field components Ex, Ey, Ez, Hx, Hy, Hz are present. 
Therefore, these shapes are much more difficult to treat and need to be solved by nu-
merical means if high accuracy is needed. In many practical cases, however, engineers 
need to know the propagation constants within a certain accuracy and can renounce on 
highly accurate results if an approximate analysis leads to much faster results. The first 
semi-analytic technique was presented for rectangular dielectric waveguides [34]. It is 
based on the assumptions that the modes are well confined in the core region, so that 
fields in the corner regions can be neglected and that the fields are separable in the var-
ious regions of interest. Those assumptions are not valid in many practical cases and 
thus strongly limits the method's applicability. A more accurate method, the so-called 
effective dielectric constant (EDC), was introduced for the analysis of the propagation 
properties of rectangular image guide [9] and was also widely used afterwards for other 
dielectric waveguides with rectangular sub-regions. In contrast to the first method, the 
EDC method takes into account coupling of the two transverse directions and also the 
fields in the corner regions are not completely neglected. Despite its simplicity, the lat-
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ter technique provides fairly accurate results for the propagation constant in most cases. 
Both methods are described and compared in more detail in [26]. It is important to no-
tice that the described approximate methods are only useful to calculate modal phase 
constants and cannot provide any information on guided electromagnetic fields. 
1.3.2 Overview of numerical methods for uniform dielectric waveguides 
As mentioned before, the accurate calculation of propagation constants of guided 
modes on arbitrarily shaped uniform dielectric waveguides is a difficult problem. Nev-
ertheless, several numerical methods were developed to achieve this task. The first rig-
orous methods applied to a rectangular dielectric guide [35, 36] were point-matching 
techniques (today better known as mode-matching method). This method is one of the 
oldest and simplest for the accurate solution of dielectric waveguides and is based on 
harmonic expansion of the fields in the various dielectric regions. Within the procedure, 
the fields are explicitly matched at certain certain points on the dielectric interface(s). A 
similar method was later applied to single and coupled image guides [37]. In contrast 
to the methods in subsection 1.3.1, the mode-matching technique also provides the field 
distribution and orientation of the guided modes. It constitutes an efficient technique for 
simple, homogeneous structures, but its formulation becomes tedious for more complex 
structures and good convergence is not assured in that case. An additional variational 
formulation or moment method for more accurate field matching at dielectric interfaces 
can improve convergence and accuracy. Another method which was used for the anal-
ysis of inhomogeneous dielectric guides transforms Maxwell's equations first into a set 
of generalized telegraphists equations for mode voltages and mode currents [38]. This 
approach was not widely used later. A comprehensive treatment of guidance and leak-
age effects in open dielectric waveguides together with a combined mode-matching and 
generalized transverse resonance method is given in [29]. A somewhat different efficient 
transverse resonance diffraction method is described in [26,39]. Such transverse reso-
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nance approaches allow the development of equivalent circuits for step discontinuities. 
The method of lines has also found applications in dielectric waveguide calculations 
[40]. Semi-analytical integral equation methods have shown to be efficient candidates 
for calculating the fields and propagation constants of dielectric waveguides [41,42]. 
Satisfying the boundary conditions is guaranteed by derivation of appropriate integral 
representations of the fields. Treatment of anisotropic media is also possible. The 
most versatile rigorous methods are fully numerical finite-difference frequency-domain 
(FDFD) methods [43-45], finite-difference time-domain (FDTD) methods [46-48], and 
finite-element methods (FEM) [49-51], which discretize the cross section of the guide. 
Arbitrary shapes can be dealt with, including anisotropic media. Due to the discretiza-
tion with triangular or rectangular elements, they yield more accurate results if applied 
to linear rather than curved boundaries. Hybrid methods such as a FEM-method-of-lines 
approach [52] attract more attention recently. They can combine the advantages of com-
plementary techniques and therefore provide increased efficiency at comparable or better 
accuracy. In [52], the FEM is used to deal with the complex part of a dielectric struc-
ture whereas the method-of-lines is used to solve the fields efficiently in the surrounding 
homogeneous part. 
1.3.3 Methods of analysis for the SIIG 
The numerical methods listed in the preceding subsection were used to analyze di-
electric waveguides which are uniform in the direction of propagation. In this case it 
is sufficient to carry out the calculations in only two dimensions on the cross-sectional 
plane of the guide because the dielectric distribution in the cross-section contains all in-
formation about the guide. The scenario is different for the SIIG, which is a non-uniform, 
periodic waveguide with non-constant cross-section. It is therefore necessary to conduct 
the analysis at least on a full unit cell, which contains the complete information on the 
geometry of the periodic structure. The above listed two-dimensional methods of anal-
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ysis for dielectric waveguides - approximate or rigorous - are therefore not suitable for 
the calculation of propagation characteristics of the SIIG. A three-dimensional technique 
which is capable of handling such a relatively complex structure is required for this task. 
The finite-difference (FDFD, FDTD) and finite-element methods (FEM) are the most 
versatile fully numerical methods and allow to discretize the SIIG structure quite accu-
rately. Commercial software based on these methods was therefore used for the simula-
tion of the SIIG propagation properties and a variety of passive SIIG components studied 
in this thesis. The High Frequency Structure Simulator (HFSS®) from Ansoft Corpora-
tion served as finite-element tool in the frequency domain whereas Microwave Studio® 
from Computer Simulation Technology (CST-MWS) covers the finite integration tech-
nique (FIT) [53], which is equivalent to the FDTD method, but is based on the integral 
representation of Maxwell's equations instead of the differential form, implicating some 
numerical differences. Figure 1.4 shows the FEM mesh of one half of an SIIG unit cell 
(symmetry is exploited in the HFSS® simulation). Curved boundaries like the air holes 
in the substrate are well approximated by the tetrahedral FEM mesh, but not discretized 
in an exact way. This discretization error is typically small and can be neglected for 
practical cases. The cubical FDTD mesh used in CST-MWS constitutes a rather course 
approximation of curved boundaries. However, the perfect boundary approximation, a 
proprietary algorithm included in CST-MWS, projects the staircase mesh on the actual 
structure and thus renders an accurate simulation of complex curved structures possible. 
Other FDTD software often uses conformal meshing for comparable improvement. 
The propagation properties of a certain mode in a straight SIIG are described by its 
complex propagation constant 
-y = a + jp, (1.1) 
where a is the attenuation constant and f3 the phase constant. Two different techniques 
were used to obtain 7 [23], in particular that of the most important fundamental E\x 
mode. 
Figure 1.4 SIIG unit cell (substrate) discretized by FEM mesh. Only one half of the 
unit cell has to be simulated by use of a symmetry boundary. 
The dual-line technique 
The first method is a dual-line technique, i. e. two SIIG sections differing in length 
are simulated by driven modal analysis and the propagation constant is extracted subse-
quently from the pair of S-parameters. Such an approach was applied before to the analy-
sis of the substrate integrated non-radiative dielectric guide [54]. Wave ports are applied 
to excite the structure and to receive the system response. However, the transverse elec-
tromagnetic modal fields are calculated by a two-dimensional eigenmode analysis there-
fore are valid only for a uniform waveguide without structural change in the direction of 
propagation. As a consequence, those excitation ports cannot be defined directly on a 
cross-sectional plane of the periodic SIIG directly. Short sections of uniform equivalent 
dielectric image guide are therefore added on each side to fulfill this precondition. Perfo-
rated zones are replaced by homogeneous material with reduced permittivity. In [54], a 
mathematical technique [55] was employed to compensate the imperfect field matching 
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Figure 1.5 One half of the short SIIG section with uniform port extensions for the 
simulation of the complex propagation constant by the dual-line method. 
between the uniform model and the real 3-D periodic SINRD. However this technique 
can only be applied to non-radiative models which can be treated as two-ports without 
restriction. Since the occurring radiation in an open structure like the SIIG cannot be as-
sessed, this technique is not valid in this case. For this reason it is very important that the 
uniform sections are well matched to the actual SIIG, so that reflections and radiation at 
the interface are minimized. More details on how to choose the width of the equivalent 
guiding channel and the lowered uniform permittivity for optimized matching are given 
in subsection 1.4.5. Figure 1.5 shows the simulated shorter SIIG section having a length 
of five unit cells. Only one half of the geometry is considered in the simulations because 
of the structural symmetry. The symmetry boundary is then either a magnetic wall for 
analysis of even modes or an electric wall for odd modes. The length of the uniform 
extensions should be around half a wavelength for smooth transition to the wave ports. 
Absorbing boundaries were applied to the outer surfaces of the open structure in order 
to maintain the open waveguide character and allow radiation and leakage to take place. 
21 
Results for the attenuation constant will only be accurate if the absorbing boundaries are 
situated far enough from the guide core to avoid interaction with the guided waves. A 
3-mm radius around the core was found to be sufficient for practical situations at 94 GHz. 
Power absorption will always occur at lower frequencies where field confinement of the 
dielectric guide is less pronounced. The length difference between the short and the long 
line sections was chosen two periodic intervals. A longer difference can help to average 
numerical imprecision or mismatching phenomena, but produces higher computational 
effort. After obtaining a pair of complex transmission S-parameters (S2i) for the two 
differing line sections, the propagation constant is calculated from the phase difference 
as follows: 
|Z (.S21,iong) - L (ff2i,short)| M ^ 
P - Al • u - ^ 
Z (iJ?2i,iong) ar)d L (i$?2ijShort) denote the absolute phase in radian of the simulated com-
plex transmission S-parameters of the long and short SIIG sections, respectively. Al is 
the difference in length in meters. Provided that the uniform port extensions and the per-
forated SIIG sections are well matched, the attenuation constant a is readily extracted 
from the magnitude ratio of the pair of 52i-parameters: 
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The 3-D eigenmode technique 
Another useful technique that was successfully applied to the analysis of the SIIG is 
a 3D eigenmode analysis of a single SIIG unit cell. Compared to the two-line technique, 
it is more efficient with regard to simulation time and resources. Moreover, results for 
the complex propagation constant are more precise in general since no field matching be-
tween homogeneous and perforated sections are required. Figure 1.6 shows half of the 
SIIG unit cell (symmetry) and the simulated electric vector field on the cross-sectional 
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Figure 1.6 One half of the symmetric SIIG unit cell used for 3-D eigenmode simulation. 
The electric vector field is shown in the cross section. 
plane. The distribution of the scalar electric and magnetic field in the SIIG cross section 
is presented in Figure 1.7. The field confinement in and around the guiding channel is 
strongly dependent on frequency and is shown here for the "worst case" at a minimum 
usable frequency. Even though the fundamental mode of the image guide theoretically 
has no cutoff frequency, operation at lower frequencies is not advisable due to unaccept-
able leakage and radiation at discontinuities and also because distances to keep between 
guiding channels in integrated circuits would become excessive. This topic is discussed 
in more detail in subsection 1.4.1. 
The 3-D eigenmode technique demands for input of the phase difference between the 
pair of periodic boundaries prior to simulation. As a result, the phase constant (3 at the 
obtained eigenfrequency / is simply calculated from this phase difference and the length 
of the unit cell, which is equal to lattice constant p. The waveguide dispersion 7 = 7 (/) 
is then computed in an inverse way, i. e. the eigenfrequency as a function of the complex 
propagation constant, / = / (7). The propagation constant is predefined to be purely 
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Figure 1.7 Electric (upper graphic) and magnetic field distribution in and around the 
SIIG guiding channel at the lowest practical frequency. 
imaginary for numerical analysis, i.e. / = /(/?)• Any kind of loss, which would 
normally result in a complex propagation constant, yields a complex eigenfrequency 
/o — /o.reai + /o.imag- An unloaded Q-factor as defined for transmission-line resonators 
is derived by HFSS as follows: 
Q 2-3{/o} 
(1.4) 
This is a valid approximation for weak line attenuation [56]. In general, for a dispersive 
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transmission line, the Q-factor is related to the attenuation constant by 
energy/unitlength 
Q = 2vr/ 
powerloss/unitlength 
—dr/dz v92a 
where P is the real power flowing through the waveguide in z-direction and vg is the 
group velocity which is equal to the velocity of energy transportation. Since /? is already 
known, the attenuation constant a can readily be extracted by 
a 2Q ' vg 2Q ' d / •
 l • ; 
The validity of this technique for extracting the attenuation constant a was later shown 
in [57]. 
Comparison of both techniques 
Simulation results presented in the following are based on a SIIG made of 380 urn 
thick high-resistivity (HR) silicon substrate (er - 11.7, p > 10 kf2-cm) with a guiding 
channel width of 510 urn. The holes of 0.5 mm diameter are arranged in an equilateral 
pattern with p = 0.645 mm inter-hole spacing and the thickness h of the FEP (fluorinated 
ethylene-propylene copolymer, a PTFE-like plastic, er = 2.08) insulation film is 50 urn. 
The two described methods of analysis are compared in Figure 1.8 with regard to SIIG 
dispersion. Both computed curves are virtually identical, which proves the accuracy of 
the different approaches. 
SIIG attenuation properties are closely related to the material properties, i. e. dis-
sipation factors of the insulating film and the substrate, as well as the conductivity of 
ground plane. All simulation results in this section are based on dissipation factors of 
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Figure 1.8 Comparison of the SIIG dispersion (normalized phase constant) obtained by 
a driven modal solution and a 3-D eigenmode solution with HFSS, respectively. Core 
dimensions are 510 um x 380 um (w x d) on HR-silicon. 
the aluminum ground plane is 3.8-107 S/m although conductor losses tend to be higher in 
reality due to the surface roughness. Figure 1.9 shows the simulated guide attenuation. 
A distinct stop-band can be observed at a center frequency of 116 GHz. Such a phenom-
ena is often called electromagnetic band gap (EBG) or photonic band gap and is caused 
here by distributed Bragg reflection at the one-dimensional periodic discontinuities (the 
air holes) of the SIIG. The lowest EBG occurs when the guided wavelength Xg equals 
twice the periodic interval p, i. e. 
\ _ o„ _ \ k° - ABragg n 1\ 
^Bragg is called the Bragg-wavelength and nes is the effective refractive index of the 
waveguide. In this case, the reflected electromagnetic waves add up constructively to-
wards the waveguide input. Amongst others, the width of such an EBG depends on the 
amount of reflected power from a single discontinuity. The more the discontinuity is pro-
nounced, the wider is the band gap. Since the attenuation in the direction of propagation 
—•— Driven modal solution (FEM) 
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Figure 1.9 Comparison of the SIIG waveguide attenuation obtained by HFSS driven 
modal solution and 3-D eigenmode solution. 
follows an exponential function, an effective depth of penetration can be introduced and 
therefore it is possible to speak of an effective length of distributed reflection. Advantage 
is taken of this sort of periodic reflections for certain filter and coupling applications in 
optics [58] and in the same way it provides an opportunity for the design of band-stop 
and band-pass filters at millimeter-wave frequencies [15]. Figure 1.10 shows the lattice 
constant's relation to the center frequency of the EBG for specific SIIG dimensions. Ev-
ery single curve point was obtained by setting the phase difference between the periodic 
boundaries in the 3-D eigenmode analysis to TT, thus yielding a standing wave. Since the 
EBG has a certain width, which is also dependent on the guide length, a certain guard 
distance is to be kept between its center frequency and the highest operation frequency. 
The curve in Figure 1.9 obtained from the two-line method shows overshooting next 
to the stop band. The reason is the wider band gap produced by the shorter SIIG sec-
tion in comparison to the longer one. Results obtained from the 3-D eigenmode solution 
implicitly involve the solution of an infinite periodic structure. Reflections are not con-
-*— Driven modal solution (FEM) 
-<>-• Eigenmode solution (FEM) 
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Figure 1.10 Center frequency of the EBG in dependence on the air hole diameter and 
the lattice constant. The thickness d of the HR-silicon substrate is 380 urn for all curves. 
sidered in the eigenmode approach and therefore no stopband is visible in the attenuation 
graph. For both analysis methods, line attenuation increases dramatically towards low 
frequencies as a consequence of the weak field concentration around the guiding chan-
nel. When fields touch on the outer absorbing boundaries, energy is absorbed and leads 
to attenuation. This relation gives an indication on the lowest usable frequency in order 
to obtain good guiding properties. A limitation of the 3-D eigenmode unit cell analysis is 
given by the fact that the insertion loss due to superimposed reflections is not taken into 
account. Only material and leakage losses can be extracted from the results because the 
solution type is not of the excitation-response type and S'-parameters are not available 
as a consequence. The EBG that occurs if the Bragg condition (1.7) is fulfilled is thus 
not visible in the eigenmode results. As a concluding statement, it can be said that the 
two-line method is more general and is applicable to a wider range of problems, whereas 
the 3-D eigenmode solution is faster and more precise, but is limited to infinite periodic 
structures and cannot take into account distributed reflection phenomena. 
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1.4 Design guidelines for SIIG dimensional parameters 
As illustrated in Figure 1.3, the SIIG involves many design parameters that can be 
changed independently. This leads to an enormous flexibility but also to a higher de-
sign complexity. The influence of the diverse dimensions is demonstrated by means of 
parametric simulations. 
1.4.1 The bandwidth of SIIG 
The single-mode bandwidth of an image guide of specific geometry is a question of 
definition. A clear and unambiguous answer is therefore not possible and it is recom-
mended to refer to a "useable" or "practical" bandwidth for the specific case. 
In theory, the fundamental E\x mode has no cut-off frequency and is (very loosely) 
guided even at very low frequencies. However, the wave is very loosely bound in that 
case, the fields extend very far from the dielectric core, and radiation would occur at 
the slightest discontinuity. Such a scenario cannot be accepted in practice, especially 
in integrated circuits, where available space is scarce. A paper discusses the question 
of image guide bandwidth [59] and several other definitions for the lower bandwidth 
limit are proposed. A definition for the lower bandwidth limit could be the maximum 
allowable field extension from the core or a specified ratio of the power guided in the 
dielectric to the power guided in the surrounding air. Other proposed definitions, based 
on a limitation of dispersion or change of characteristic impedance, seem to be very 
vague and not useful to apply to an integrated waveguide technology. 
The upper limit of the single mode bandwidth can be defined by the cut-off frequency 
of the next higher-order mode, usually the Efi rnode for small aspect ratios of width and 
height of the guiding channel. On the one hand, this cut-off is, in general, not easy to 
determine exactly by numerical methods. On the other hand, mode coupling is negligi-
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ble at frequencies near cut-off, where the higher-order mode is very loosely bound. A 
reasonable choice for the upper bandwidth limit is therefore close to the point where the 
field confinement of the higher-order mode starts to rise noticeable with frequency. 
Agreement is found in the literature to the statement that the widest bandwidth can 
be achieved for the standard image guide with a guiding channel aspect ratio of 2:1 
(width x height) [13,59]. The insulated image guide, on which the SIIG is based, 
should have an aspect ratio close to unity for a maximum practical bandwidth [13]. The 
reason is the influence of the low-permittivity insulation film which decreases the cut-off 
frequency of the E\x mode relative to the E\1 mode. This decrease can be compensated 
with a somewhat narrower guiding channel. Nevertheless, a narrower bandwidth has 
to be accepted for the insulated image guide in comparison to its counterpart without 
insulation film. 
As for the SIIG, a maximum refractive index contrast between the unperforated guid-
ing channel and the perforated adjacent zones is beneficial not only for well confined 
wave guidance but also to maximize the usable single-mode bandwidth. Thus, it is desir-
able to use a high-permittivity material and to remove as much of the substrate material 
as possible in the perforated zones. The equilateral hole pattern is the most effective and 
was therefore used for the SIIG. The operating frequency range of an SIIG is strongly 
dependent on the substrate thickness d. High-permittivity substrates (ey « 9... 13) of 
approximately 400 urn thickness are a good choice for the 94-GHz range. Such dimen-
sions are good to handle in contrast to much thinner substrates needed for microstrip, 
for example. The width of the guiding channel w (core width) has a smaller influence 
on the fundamental mode, but plays a major role in maximizing the usable single-mode 
bandwidth, since it strongly affects the .Efi mode. The dispersion diagram in Figure 1.11 
shows this interrelation graphically. Relating to original core dimensions of 760 um x 
530 um (w x d), the phase constant (3 does not change dramatically for a 33 % decrease 
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Figure 1.11 E\x mode dispersion behavior for SIIGs of differing core dimensions. 
Modifying the substrate thickness d has much more influence than altering the guiding 
channel width w. 
in width. However, the response is much more significant if the substrate thickness is 
reduced by 28 %. 
The lower SIIG bandwidth limit is determined by requirements on the field confine-
ment around the guiding channel. Too weak confinement results in high radiation levels 
at discontinuities and must be avoided. The upper limit is given by the cut-off or di-
vergence frequency of the next higher order mode E\x. However, the transition from 
divergence to guidance is not sharp. Coupling to this mode becomes possible at dis-
continuities if the field confinement increases towards higher frequencies. Figure 1.12 
shows the unloaded transmission line Q-factor for the first and second modes obtained 
by 3-D eigenmode simulation with HFSS. Derived from the computed curves in Fig-
ure 1.12, the lower limit of the useable single-mode bandwidth is at the frequency where 
the Q-factor has nearly reached its quasi-constant value for the fundamental mode. This 
limit depends on how far the outer absorbing boundaries are away from the SIIG center. 
A clearance of 3 mm was chosen as the basis of our simulations because bigger distances 
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Figure 1.12 Unloaded transmission line Q-factor for the fundamental and the first higher 
order mode of a silicon SIIG. Core dimensions: 510 um x 380 urn 
frequency where the factor for the second mode starts to rise quickly, indicating that this 
mode has passed the divergence frequency. Following these definitions of the bandwidth 
limitations (which are used in this entire thesis), the useable single-mode bandwidth of 
the example SIIG ranges from 83 GHz to 99 GHz, which yields a relative bandwidth of 
17.6 %. The values given here are related to engineering practice and slightly depend on 
numerous parameters. In this way, by analyzing SIIGs with various core dimensions, the 
graphs in Figure 1.13 were generated. They show the relative bandwidth in dependence 
on core width and insulating film thickness as a parameter. An optimum is obtained if the 
width and height of the guiding channel are approximately equal, which is in agreement 
with statements for the conventional insulated image guide [13]. 
1.4.2 SIIG attenuation 
The use of a thin insulation film entails a broad useable bandwidth. However, a trade-
off has to be made because a thicker film can significantly reduce conductor losses. 
—•— Fundamental mode, E^ 
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Figure 1.13 Useable (practical) SIIG single-mode bandwidth in dependence on the core 
width w and the insulation film thickness h as a parameter. 
Attenuation for silicon SIIGs with different insulation film thickness on an aluminum 
ground plane is shown in Figure 1.14. As expected, the highest attenuation is observed 
in the absence of an insulation film. Increasing the film thickness reduces attenuation, but 
no relevant improvement can be observed above a certain value. A thickness of about 
one-tenth of the substrate height is a reasonable compromise, which is a confirmation 
of the findings in [13]. In other HFSS simulations, the aluminum ground plane was 
replaced by a perfect conductor, so as to remove all conductor loss. The results are shown 
in Figure 1.15. It can be noticed that all three configurations approximately possess 
the same loss level, only somewhat shifted in frequency. In another experiment, the 
dielectric losses were removed, the effect being shown in Figure 1.16. This time there 
is a clear difference in attenuation loss. For the employed materials (HR-silicon, FEP 
insulation film, and aluminum ground plane), it was found that about two-thirds of the 
losses can be attributed to dielectric losses. Only in the case without the insulation 
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Figure 1.14 Waveguide attenuation of an HR-silicon SIIG for different insulation film 
thicknesses. Core dimensions: 380 urn x 380 urn. 
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Figure 1.17 SIIG dispersion for different insulation film thicknesses. 
emphasizes that low-loss dielectrics are essential for low SIIG attenuation. The use at 
higher frequencies is possible, because this mostly affects conductor losses. 
Dispersion curves are drawn in Figure 1.17 for the three different insulation film 
thicknesses. It can be observed, that dispersion is less pronounced for thicker insulation 
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films. 
1.4.3 Substrate leakage 
Avoidance of leakage in connection with substrate modes is another important de-
sign criterion for SIIGs. In principle, the E\x mode is guided without leakage and is 
not disturbed by the periodic arrangement of holes. The electromagnetically denser core 
region keeps the guided wave on track, at least in straight sections. However, if guided-
wave fields reach the unperforated substrate material beyond the perforated zones, en-
ergy leaks away into the surrounding substrate. This is due to the slower propagation 
velocity in the surrounding substrate (= grounded slab) compared to the guided wave in 
the SIIG core. The unloaded transmission line Q-factor was simulated for SIIGs with 
varying width of the perforated zones. Figure 1.18 shows the influence of the perforation 
width. Five rows of air holes, corresponding to a distance of approximately 3 mm be-










Figure 1.18 Unloaded transmission line Q-factor over frequency for various widths of 
the perforated zones adjacent to the guiding channel. 
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in this chapter. As can be seen, further increase yields only slight improvement and the 
field confinement must be sufficient in any case for applications in integrated circuits. 
Narrower perforated zones, however, limit the useable bandwidth unnecessarily and are 
therefore not recommended unless part of the bandwidth can be sacrificed for a specific 
application. 
1.4.4 Essential differences between the SIIG and 2-D photonic crystal defect 
waveguides 
It is very important to realize that the SIIG is not a photonic crystal defect wave-
guide. Even though it looks similar to previously proposed photonic crystal slab wave-
guides [60,61], the SIIG is not operated in an EBG region of the periodic hole lattice, 
but at frequencies inferior to the bandgap. The periodic pattern of equally sized holes is 
chosen for design and fabrication convenience and the perforation only serves to reduce 
the effective permittivity in these regions in order to achieve total internal reflection. For 
instance, foam-like statistically distributed cavities of irregular shape would also do as 
long as the guided wave sees a dielectric with quasi-homogeneous lowered effective per-
mittivity in this area. The difference between the two guiding mechanisms was discus'sed 
in [62,63]. Besides the disadvantages of inferior field confinement and guidance along 
bends, the SIIG has two substantial advantages over the class of corresponding photonic 
crystal slab waveguides presented in [61]. It provides a broader operating bandwidth 
and low or no radiation. For operation in the bandgap region of a photonic crystal, the 
lattice period must be chosen slightly longer than half a guided wavelength, which gen-
erates fast-wave spatial harmonics that radiate in vertical directions, in which the wave 
is only bound by a refractive index step. This limitation is explained in more detail in 
the following. 
Leaky-wave radiation occurs if fast-wave space harmonics exist at a certain fre-
quency. According to Floquet's theorem for periodic structures, the expansion into space 
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harmonics j3n is given by 
2T?7T 
Pn = P + , (1-8) 
V 
where (5 is the phase constant of the guided wave, n is an index, and p is the periodic 
interval. Fast wave space harmonics exist for 
2mr 
13 + V 
<k0, (1.9) 
/3n 
i. e. when the phase velocity of the space harmonic is higher than that of a wave prop-
agating in the vacuum with wave number k0. The backfire condition for leaky-wave 
radiation is 







where A0 is the free space wavelength and Xg the guided wavelength. The following 
condition has to be fulfilled in order to avoid leaky-wave radiation: 
P<T^t- < U 1 > 
Ao -r Ag 
In other words, the periodic interval p between the air holes must be smaller than this 
distance which depends on the dispersion characteristics and consequentially on the sub-
strate material used for the SIIG. Since Xg is always somewhat greater than A0, leaky-
wave radiation only occurs at frequencies higher than the first electromagnetic band gap 
(EBG). Towards longer intervals p, or equivalent, higher frequencies or shorter wave-
lengths, the leaky-wave beam will move from backfire towards endfire direction. This 
is the typical frequency-scanning property of leaky-wave antennas, which is treated in 
more detail in section 3.2. 
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Figure 1.19 Time-domain simulation results (CST-MWS) for a HR-silicon SIIG with 
coarse hole lattice. Insertion loss due to leaky-wave radiation is noticeable beyond the 
EBG. 
The theoretically predicted leaky-wave radiation at frequencies above the EBG can 
be observed from the simulated insertion loss graph (CST-MWS) in Figure 1.19. Since 
the return loss is small in that range and lossless materials were used in the simulation, 
the insertion loss must be a result of radiation. Dimensional parameters for the coarse 
HR-silicon SIIG simulation model are d = 525 um, w = 510 um, FEP film thickness 
h = 50 um, hole diameter 2r - 0.6 mm, lattice constant p = 0.7725 mm, and overall 
length 26p = 20 mm. For this reason, the SIIG should not be operated above the first 
EBG of the periodic hole lattice, whereas other, shielded waveguides like the SIW can be 
without any difficulties [24]. It is however possible to operate the SIIG in or close to the 
EBG if high reflections are desired, e. g. for the design of band-pass and band-stop filters 
based on distributed Bragg reflection [15]. According to (1.11), no radiation leakage is 
expected in the vicinity of the EBG. 
Another advantage of the SIIG over photonic crystal guides concerns fabrication 
complexity. Although tolerance requirements in the mmW-range are generally strict, 
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they are not comparable to those for photonic crystal defect waveguides, where an exact 
periodicity of the lattice is crucial to obtain the desired EBG. 
1.4.5 Equivalent uniform SIIG model 
An equivalent uniform SIIG model has already been introduced in subsection 1.3.3, 
where it was used to excite SIIG modes by means of two-dimensional wave ports. It was 
mentioned that good matching between the uniform and the three-dimensional periodic 
sections is necessary to obtain accurate results for the phase and attenuation constants by 
the dual-line technique. Modal fields are sufficiently similar so that low reflections at the 
interface between uniform and non-uniform parts can be achieved by matching the phase 
constant (3. Extensive simulations by the 3-D eigenmode technique were conducted in 
order to find a simple uniform waveguide structure which allows close matching of (3. A 
geometry that fulfills this requirement is shown in Figure 1.20. It is very similar to the 
actual SIIG except for the perforated regions, which are replaced by homogeneous ma-
terial of lower effective permittivity £eff compared to the substrate permittivity £SUbStrate-
ste^ Guiding channel 
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Figure 1.20 Equivalent uniform SIIG model. The perforated regions of the original 
SIIG are replaced by a homogeneous dielectric with lowered permittivity eeff. 
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Figure 1.21 Unit cell of the equilateral hole pattern. 
Insulation film and substrate thickness are left unchanged, yielding two adjustable pa-
rameters, namely the effective permittivity eeff and the effective core width weff. 
It was tried to derive the optimum eeff directly by analytical methods. For an E-field 
polarization that is normal to the substrate plane, the calculation of the effective electro-
static permittivity is straightforward. It consists of calculating the weighted average of 
the filled and non-filled (air holes) substrate regions [32]. Figure 1.21 shows a unit cell 
of the hole lattice. The volumetric average of the relative permittivity consequently is: 
r27r 
£eff± = ^substrate + \£0 ~ ^substrate) 9 . / TTTV • ( 1 - 1 2 ) 
pz sin(7r/3) 
(1.12) is a good approximation as long as the wavelength is much longer than the lattice 
constant p. Increasing field confinement at higher frequencies leads to considerably 
higher values as in the electrostatic case. Figure 1.22 shows this effect for a perforated 
silicon substrate (e = 11.7) with hole radius r = 230 urn and lattice constant/? = 575 urn. 
The electrostatic value according to (1.12) is £r,effj_ = 5.49. 
The electrostatic effective permittivity for in-plane E-field polarization cannot be 
calculated analytically. Ansoft's electrostatic FEM solver Maxwell® 2D was used to 
calculate £eff|| = 4.04 for in-plane polarization based on the last-mentioned hole lattice 
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Figure 1.22 Frequency-dependent effective permittivity of a perforated silicon substrate 
(r = 230 um, p = 575 urn) for E-field polarization normal to the substrate. The data was 
obtained by HFSS eigenmode simulation of a single unit cell. 
dimensions. A graph that shows £r,eff|| in dependence on frequency is shown in Fig-
ure 1.23. 
When the obtained effective permittivities - either the electrostatic values or the 
somewhat different ones at higher frequencies - were used in the uniform SIIG model, 
no satisfactory matching of the phase constant /? could be achieved. However, optimiza-
tion led to an almost perfect phase matching over a wide frequency range, as shown in 
Figure 1.24. Optimized parameters are eeff = 3.7 and weff = 540 um, whereas the core 
width of the the original SIIG is w = 510 urn. The substrate height d and the insulattion 
film height d are left at 380 um and 50 um, respectively. The optimized ees is lower 
than expected. In fact, the modal fields are not equally distributed over the perforated 
zones as was falsely assumed in the above calculations. In reality, the majority of the 
E-field is confined in the guiding channel and exponentially declines to adjacent regions. 
Consequentially, the air holes right next to the guiding channel have great influence and 
therefore the effective permittivity has to be chosen lower. As for the effective core 
width, weff is slightly wider in the equivalent model. This fact can be explained by the 
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Figure 1.23 Frequency-dependent effective permittivity of a perforated silicon substrate 
(r = 230 urn, p = 575 um) for E-field polarization in parallel to the substrate. The data 
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Figure 1.24 Comparison of the dispersion of the actual SIIG and its optimized equiva-
lent model. Parameters of the equivalent are weff = 540 um (w = 510 um) and ereff = 3.7. 
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round airholes, which lead to a meander-like delimitation of the guiding channel, similar 
to the SIW. 
Such an equivalent uniform model is not only useful for efficient mode excitation in 
simulation tools, but can also serve to simplify the design of passive components. Its 
discretization is simpler and faster methods of analysis are available, as described in 
subsection 1.3.2. The equivalent model is then replaced by the actual SIIG in the final 
stage where usually only slight optimizations are necessary. Such a procedure was also 
applied successfully to SIW designs. 
1.4.6 A note on the characteristic impedance of image guide 
The characteristic impedance is a very useful concept for the treatment of (quasi-) 
TEM waveguides as transmission lines in circuit theory. However, it has to be applied 
with caution to other types of waveguides which have only one or no conductor involved 
for wave guidance. Basically, three definitions exist: the power-current impedance Zpj, 
the power-voltage impedance Zpy, and the voltage-current impedance Zyi- The often 
used power-current definition, for example, is as follows [25]: 
oo oo 
/ / (E x H*) • z dx dy 
oo 
/ Hx dx 
—oo 
2 
Zpi, Zpy, and ZVI are identical for TEM waveguides only, but can differ considerably 
for other waveguides, which frequently leads to erroneous results in circuit simulations. 
In addition, the level and phase of reflection at a waveguide discontinuity not only de-
pends on the impedance mismatch, but also on the field mismatch. A step in a metal 
waveguide, for instance, introduces an inductive or capacitive effect due to the occurring 
field distortion and excitation of higher order modes [64,65]. In the case of dielectric 
waveguides, field mismatching plays the most important role and the calculation of a 
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howsoever defined characteristic impedance becomes a minor issue. In this case it is the 
wave impedance Zw, being defined as the ratio of the transversal field components 
Zw = - ^ - , (1.14) 
which is more meaningful. Moreover, it has to be kept in mind that a discontinuity in 
an open waveguide cannot, in general, be described as a simple two-port because of 
the usually unavoidable radiation. For these reasons and by following the majority of 
authors in the field of dielectric waveguides, it was chosen to avoid the introduction of a 
characteristic impedance for the SIIG in this thesis. 
1.5 Fabrication of SIIG components 
Concerning fabrication, the SIIG Provides numerous advantages related to fabrica-
tion precision, design flexibility and assembly costs over the conventional image guide 
or insulated image guide. Instead of separate dielectric strips, SIIGs in millimeter-wave 
components and circuits are entirely mechanically connected to each other due to the 
single-substrate fabrication. Higher structural stability, but also improved alignment pre-
cision between SIIG lines and other, hybrid technologies on the same substrate are the 
consequence. It is therefore reasonable to invest more effort for component design in 
order to attain a mass-producible high-performance technology at low cost. 
Standard image guide structures can be cut or milled out of sheet material, but those 
techniques do not lend themselves to cost-efficient mass-production. Casting resins 
were shown to work in an experimental prototype [66]. However low-loss liquefiable 
millimeter-wave materials are rare (high-permittivity in particular) and existing ones like 
paraffin are often not thermally stable. Cost, repeatability, and precision constitute other 
open questions, as is adhesion to the ground plane. The insulated image guide requires 
some kind of lamination technique to combine the ground plane, the insulation film, and 
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the substrate. Such bonding is much easier to achieve with SIIG technology because of 
its sheet geometry. 
The SIIG can be fabricated by a variety of micro-fabrication techniques. Among 
them are laser cutting, micro-drilling or milling, wet etching, and dry etching, known as 
deep reactive ion etching (DRIE) for very high accuracy. As for high-quantity produc-
tion, green state forming of ceramics and subsequent firing directly into final shape is 
possible. Mature technologies such as LTCC / HTCC are available for mass production. 
Suitable materials for the fabrication of SIIG components and circuits include those 
which have very low dielectric loss at mmW frequencies and sufficient rigidity. As 
explained before, the substrate material should have high relative permittivity, prefer-
ably er > 9, in order to obtain sufficient field confinement and compact circuits. These 
requirements are fulfilled by a variety of ceramics, semiconductors, and other pure, crys-
talline materials such as sapphire. Conventional microwave substrates such as Rogers'® 
high frequency laminates posses a tanS of at least 20 x 10~4 and thus are recommended 
if lower performance is acceptable. In contrast, materials for the insulation film should 
have the lowest possible permittivity. Table 1.1 gives an overview of some suitable mate-
rials. Semiconductors like silicon or gallium arsenide offer low loss properties only in a 
very pure, high-resistivity state. Then, they can frequently be used to the terahertz range 
or even in optics. Since the level of impurities in the available float-zone wafers was not 
known exactly, a sample was measured with an open resonator setup from Damaskos®. 
This measurement method is close to its limit of sensibility when measuring the listed 
low-loss materials. The highest frequency at which consistent results for the dissipation 
factor could be achieved was 40 GHz. Alumina samples (from CoorsTek®) were also 
measured, since not only the alumina's purity plays a role, but also the composition of 
the binder [70,71]. Data on the other listed material was extracted from [72]. 
Manufacturing of SIIGs on a semiconductor wafer is particularly interesting. The 
same semiconductor material can be used to fabricate active devices like diodes and 
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transistors or more complex monolithic integrated circuits. Such an approach would 
allow all-in-one integration of millimeter-wave front-ends. 
Prototyping for experimental verification in the laboratory was most efficiently 
achieved by laser-cutting. It is a fast way to realize SIIG components of limited size 
on almost arbitrary substrate materials since only vertical cuts are needed. A frequency-
doubled Nd:YAG laser (532 nm wavelength) served for all the realizations presented in 
this thesis. The laser beam diameter in the Gaussian beam focus is 40 urn, comparable 
to the thickness of a human hair. The step resolution of the x-y-table is 2.5 urn. Unlike 
PCB waveguides, the SIIG does not induce field singularities, which allows for relaxed 
fabrication tolerances. Therefore, the precision of the available laser micro-fabrication 
system is sufficient for most SIIG devices up to 100 GHz and above. The more accu-
rate and cleaner DRIE technique was not available at Poly-Grames research center. It 
would be necessary for highly resonant filter structures and despite of the associated 
increased processing time it can be advantageous for simultaneous manufacturing of a 
larger number of devices. 
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Even though the bigger size compared to PCB transmission lines seems to be a dis-
advantage for miniaturization, it is advantageous for low-cost production since precision 
standards in manufacturing are more relaxed. Guiding channel dimensions in the order 
of half a wavelength in the used substrate material do not constitute significant difficul-
ties for fabrication. The substrate height d is an important design parameter and cannot 
be chosen freely. However, the required thickness for the interesting bands between 
60 GHz and 110 GHz is in the range of 300 urn and 600 urn, which is compact and very 
good to handle. Microstrip demands for much thinner substrates, which are not only very 
fragile but also by an important factor more expensive due to the difficult manufacturing 
process. The wall thickness between neighboring air holes should generally be chosen 
as small as the required mechanical stability of the structure permits. This is to obtain 
a maximum permittivity contrast between the guiding channel and the perforated zones. 
In practice, mechanical stability is reasonable to a wall thickness down to one-quarter 
of the hole diameter, which was used as a standard for most of the simulations and later 
realizations. This translates to 0.1 mm to 0.15 mm in the W-band. Hole diameter 2r and 
wall thickness together yield the lattice constant p. The latter must be chosen sufficiently 
small to avoid the already discussed EBG in the operating frequency range. Certainly, 
the hole lattice could always be chosen much finer than necessary, which would, how-
ever, increase the fabrication complexity and decrease the mechanical stability, so that 
an operation close to the EBG might be desirable. 
A weakness of the standard image guide is the potential air gap between the metal 
ground plane and the dielectric strip, which is difficult to avoid unless special casting 
techniques [66] are used. The introduced insulation film in the SIIG not only reduces 
conductor losses but also provides a relief to that problem. Figure 1.25 shows the nor-
malized phase constant of a typical silicon SIIG in dependence on the insulation film 
thickness h. The sensitivity to h is especially high for very thin films, which explains 




































Insulation film thickness h (urn) 
Figure 1.25 Normalized phase constant of a silicon SIIG in dependence on the 
insulation film thickness h at a fixed frequency of 94 GHz. Core dimensions are 
510 urn x 380 (am (w x d) on FEP insulation film (sr = 2.08). 
one-tenth of the substrate thickness, about 40 urn in this case. The insulation film should 
have the lowest possible dissipation factor and permittivity (in the range of er f» 2). 
Thermal bonding of the film to the substrate and ground plane is attractive because it 
avoids lossy adhesives. The used FEP film has specially treated wettable surfaces and 
adheres well on a variety of materials after it was heated to 300 °C while sandwiched 
between the ground plane and substrate. A very well defined temperature as well as 
pressure could not be guaranteed. To this end, a heatable flatbed press is required, which 
was not available at Poly-Grames. As a consequence, the final insulation film thickness 
is liable to fluctuations, which makes up for some of the deviations in the measured 
results of following sections. 
1.6 Experimental setup and results 
Experimental determination of the complex propagation constant was carried out in 
the same way as the dual-line simulation method from subsection 1.3.3. Two straight 
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Figure 1.26 SIIG waveguide test fixture for connection to a millimeter-wave network 
analyzer (left) and fabricated silicon SIIG. 
SIIG sections, 20 mm and 40 mm long, were fabricated out of a HR-silicon wafer in 
order to measure the 5-parameters for subsequent extraction of the propagation con-
stant. Another possible technique is the direct probing of guide-wave fields [73], but it 
involves a complexer mechanical setup and the accuracy is usually low. The dimensions 
were chosen as specified before for simulation. A laser was used to cut the SIIGs with 
matching tapers out of the wafer. Subsection 1.5 provides more details on fabrication. 
Aluminum test fixtures were milled with short WR-10 metal waveguide sections expand-
ing to pyramidal horns to approximately 3 mm distance around the guiding channel. In 
combination with the silicon tapers, the aluminum fixtures constitute quite efficient tran-
sitions for connection to a millimeter-wave network analyzer being equipped with WR-
10 waveguide ports. Further information on the waveguide-SIIG transition is provided 
in section 2.2. Figure 1.26 shows the described assembly and an example for an SIIG 
fabricated of HR-silicon. 
Measured ^-parameters are shown in Figure 1.27. As explained before by means of 
Figure 1.12, the simulated lower practical frequency limit is at approximately 83 GHz. 
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Figure 1.27 Measured insertion and return loss for the short and long SIIG sections 
fabricated of HR-silicon. Losses arising from the two transitions are included. 
gression above 85 GHz. Small ripple is introduced by the two back-to-back transitions, 
which cause a not negligible amount of reflections, resonances, and radiation. This is es-
pecially true for frequencies below 85 GHz due to the poor field confinement around the 
guiding channel. The short SIIG section has an insertion loss mean value of 1.6 dB and 
the longer one of 2.3 dB in the operating frequency range, including the two transitions 
to WR10 metallic waveguide. 
The extracted guide attenuation according to (1.3) is shown in Figure 1.28. Since 
the difference between the insertion loss curves of Figure 1.27 is used for calculation of 
the waveguide attenuation, this evaluation is very sensitive to the ripple on the insertion 
loss curves and therefore yields a strongly fluctuating curve. In particular, the transitions 
have great influence. A physically impossible gain at 85 GHz can be explained by the 
inaccuracy of this procedure. Nevertheless, the obtained attenuation should be accurate 
as a mean value in the operating frequency range because destructive and constructive 
interference as a consequence of mismatching and resonance phenomena outweigh each 
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Figure 1.28 Simulated and measured guide attenuation of the HR-silicon SIIG. Exper-
imental data was extracted from measured S-parameters. 
the simulated value of 30 dB/m. This is reasonable because the surface roughness of the 
aluminum was not considered in the simulation. 
Simulated and measured extracted curves for the phase constant [according to (1.2)] 
are shown in Figure 1.29. There is a certain deviation that can be attributed to fabrication 
tolerances. Due to the fragility of monocrystalline silicon and the lack of a heatable 
flatbed press, the SIIGs were not heat-bonded to the aluminum with the FEP insulation 
film in between. Instead, the perforated silicon structure was only fixed with a tape on 
the metal base. This obviously produces a small air gap, which, in turn, leads to a slightly 
lower phase constant. 
Previous measurements of HR-silicon prototypes of SIIGs with a coarser hole lattice 
were presented in [30]. The hole diameter was 0.6 mm and the lattice constant was 
0.7725 mm. A silicon substrate of thickness 0.525 mm and a 50 um FEP insulation film 
were used. These dimensions entailed a deep stopband in the measured frequency range, 
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Figure 1.29 Simulated and measured normalized phase constant of the HR-silicon SIIG. 
Experimental data was extracted from measured S-parameters. 
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Figure 1.30 Measurement results for a HR-silicon SIIG with core dimensions 
510 urn x 525 urn (w x d), hole diameter 0.6 mm, and lattice constant p = 0.7725 mm. 
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CHAPTER 2 
MODE EXCITATION IN THE SIIG 
This chapter presents geometries which allow the efficient launching of guided waves 
into the image guide. Early and more recent transitions from standard waveguide struc-
tures to image guide are reviewed. The design of a waveguide-SIIG transition that was 
used for measurements as well as a novel CPW-SIIG transition are described in detail. 
Other possible substrate integrated transitions are discussed in section 5.3 on substrate 
integrated circuits (SICs). 
2.1 Brief review of image guide transitions 
Integrated dielectric waveguides are suitable as low-loss guiding structures in the 
mmW range. However, they are not directly compatible with active components, since 
any active solid-state device has metallic inputs and outputs and therefore needs to be 
connected to metal-based transmission lines first. This is why transitions are required for 
efficient excitation of one or several modes in the corresponding dielectric waveguide. 
The design of transitions to open dielectric waveguides is generally challenging for 
the following reasons. First, radiation occurs at discontinuities of open waveguides and a 
transition inherently is a discontinuity. Adequate methods need to be found to effectively 
reduce unwanted radiation and keep it at a very low level. Second, the modal field 
polarization and distribution of dielectric modes is in most cases very different from their 
metal-based counterparts. As a consequence, impedance- and field-matching are difficult 
to achieve. Third, a directive excitation of the surface wave towards the dielectric guide 
is required. Otherwise, excessive radiation and insertion loss would arise. 
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Several different approaches can be considered to meet all those requirements. One 
of them is the explicit use of consecutive abrupt steps which produce a number of re-
flected waves that cancel each other out by destructive interference in direction of the 
input. The more steps are employed, the wider the achievable bandwidth. An example is 
the well-known stepped impedance transformer. However, such designs are not popular 
for open waveguides due to the potential radiation at each abrupt step. Another possibil-
ity is the use of smooth tapers for gradual field matching. Tapers can be regarded as a 
special case of the stepped transformers, in which the number of steps is infinite and their 
individual reflections infinitesimally small. The design goal is to obtain the widest pos-
sible bandwidth with the shortest possible tapers [74,75]. A third option is the use of one 
or several resonant elements that serve for coupling between the different waveguides. 
Increased bandwidth can be achieved if the coupling to the resonant structure is strong, 
thereby reducing the loaded Q-factor. Wave launchers in the form of resonant antennas 
such as the directive Yagi-Uda antenna can be attributed to this class. Distributed, total 
forward-coupling by a traveling wave can also be exploited for the design of transitions, 
but the achievable bandwidth is inherently small and the transition itself needs to have a 
length in the order of several wavelengths. 
One of the first and most popular transitions to dielectric image guides uses the rect-
angular metal waveguide as a feed line [76]. The latter is smoothly extended into a horn 
at its end, acting as a gradual taper to match the modal fields to those of image guide. The 
traditional shape of this type of transition is shown in Figure 2.1. It is widely used for 
measurements on image guide components, but a major drawback is its lack of compact-
ness and ease of fabrication, which is required for the use in integrated circuits. In order 
to conduct measurements on single SIIG components, this transition was still adapted 
for use with the SIIG. It is presented in section 2.2. Other designs were reported which 
involve loops or monopoles embedded in the image guide itself [77] and are fed by a 
coaxial cable behind the ground plane. The bi-directionality and low efficiency are not 
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Metal waveguide ^ Horn transition 
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Figure 2.1 Widely used type of waveguide-to-image-guide transition. 
satisfactory, however, which led to the development of a Yagi-Uda array of monopoles 
with improved performance [78]. Clearly, a coaxial feed is not suitable at millimeter-
wave frequencies. More recently, two integrated transitions to microstrip were proposed 
at frequencies of 8 GHz and 20 GHz, respectively. One of them is based on a planar 
Yagi-Uda resonant slot array implemented in a double-layer structure [79]. Here, the 
microstrip feeding is formed on a thin substrate beneath the image guide, both sharing 
the same ground plane. Several slots arranged to an array are etched in the ground plane 
and coupling to one of them is established by the microstrip line. Advantages are the 
relative simple planar structure and the compact microstrip feed line. However, directiv-
ity and overall efficiency are acceptable only in a narrow bandwidth which is inherently 
limited by the Yagi-Uda topology. The other design involves smooth microstrip taper-
ing in the horizontal and vertical dimension [80]. Although the achievable bandwidth 
is quite broad and the performance is satisfying, the 3-D topology renders fabrication 
difficult and expensive, and thus is not practical for hybrid integrated circuits. A 3-D 
or double-layer design is indispensable, because microstrip and image guide depend on 
significantly different heights of the dielectric in order to guide electromagnetic waves 
efficiently. Both transitions were shown to work at relatively low frequencies, but mi-
crostrip requires excessively thin substrates at higher frequencies. This limitation and the 
56 
well-known via problem with regard to ground connections favor the use of the CPW for 
mmW circuits. For this reason, the pursuit of an improved microstrip-SIIG transition 
was abandoned and a novel, compact CPW-SIIG transition based on resonant coupling 
was developed. The developed transition is presented in section 2.3. 
2.2 SIIG transition to metal waveguide 
Rectangular hollow waveguide is the standard technology for measurements at 
60 GHz and above. Measurement instruments for that frequency range are equipped 
with corresponding waveguide ports. Therefore, it is desirable to have an interface be-
tween metal waveguide and SIIG in order to evaluate prototypes of SIIG components. 
The field orientation of the TEi0 waveguide mode and the E\x image guide mode is 
very similar, so that this transition constitutes an ideal, simple, and broadband launching 
structure. One end of the image guide extends into the waveguide. At this position, 
the waveguide may be entirely filled with the dielectric (often in conjunction with low-
permittivity dielectrics) or only partially, leaving a surrounding space of air. In both 
cases, the sudden beginning of the image guide represents a discontinuity for the guided 
wave and as such causes reflections. Such reflections at the air-dielectric interface are 
particularly pronounced if the image guide is made of high-permittivity material, as it is 
the case for the SIIG. To keep the return loss small, the dielectric material is smoothly 
tapered in either the horizontal, the vertical, or both dimensions. A horizontal taper was 
chosen for the waveguide-SIIG transition, since a laser was used for fabrication, which 
only cuts 2-D outlines. The metal waveguide dimensions are narrowed in the zones 
where it is penetrated by the image guide. This yields improved field confinement in the 
dielectric and less radiation. A following horn section helps to smoothly transform the 
waveguide mode into a non-shielded image guide mode. The larger the horn aperture 
and length, the less unwanted radiation occurs. If the transition is to an SIIG instead of 
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Figure 2.2 CAD model of an SIIG waveguide test fixture for connection to a millimeter-
wave network analyzer (40 mm SIIG section) and drawing with dimensions in urn 
(20 mm SIIG section). 
a standard image guide, the SIIG has to be extended to its full width, i. e. including the 
complete perforated zones, within the horn section. A CAD model and a corresponding 
drawing including the dimensions used at 94 GHz is shown in Figure 2.2. 
In practice, this kind of transition exhibits between -0.75 dB and -0.25 dB insertion 
loss, including radiation. The lower value is typically achieved if the image guide is of 
low-permittivity material, which causes less matching problems. The waveguide-SIIG 
transition that was designed for the experiments in section 1.6 had -0.5 dB insertion loss 
at 94 GHz and return loss of less than -20 dB. Those are very acceptable values in the 
W-band and for a high-permittivity SIIG made of silicon. 
2.3 Integrated transition to CPW 
Despite potential problems with the excitation of the disturbing slot-line mode at 
discontinuities, CPW has decisive advantages over microstrip. No vias through the sub-
strate are required for grounding, because the grounds are situated adjacent to the signal 
strip on the same plane. Moreover, ground strips between closely routed lines can sig-
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nificantly improve isolation properties. The CPW can be operated on electrically thick 
substrates while maintaining the desired characteristic impedance, usually around 50 0. 
One problem, however, is not solved by the CPW: the waveguide attenuation due to 
conductor losses is high, roughly comparable to that of microstrip. It would therefore 
be desirable to merge this technology's amenities with those of a low-loss dielectric 
technology like SIIG. Antenna arrays, directional couplers, phase shifters, resonators, 
and filters are particularly important components in mmW front-ends that depend on 
a low-loss waveguide technology. Since the CPW is compatible with electrically thick 
substrates, hybrid integration of the SIIG and the CPW on the same single-layer substrate 
becomes feasible. 
To the author's best knowledge, there is only a single publication on transitions be-
tween CPW and image guide available in the form of a patent [81]. It contains rather 
complex 3-D structures, based on substrates of varying thickness, variable dielectric 
properties, or both horizontal and vertical metallic shapes. Besides those complex ge-
ometries, which are expected to be very demanding for actual fabrication, no further 
performance data is provided with regard to return and insertion loss, bandwidth, or ra-
diation loss. It is believed that none of the proposed designs is suitable for cost-efficient 
integration at mmW frequencies. 
On that account, a novel, easy-to-integrate planar transition from CPW to SIIG 
should be developed. Required properties include high efficiency - in particular low 
radiation loss - and broadband performance. In such a scenario where a dielectric wave-
guide has to be interfaced with a planar transmission line, the SIIG reveals clear ad-
vantages over the standard image guide. The CPW is fabricated on the same substrate 
and therefore the alignment precision of CPW and SIIG is very high, associated with 
a rugged design. Gradual field matching by smooth tapers, as exploited in the design 
of the waveguide-to-SIIG transition, cannot be achieved in this case, because the modal 
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fields of CPW and image guide are too dissimilar. Another approach based on a resonant 
coupling structure was chosen for this reason. 
2.3.1 Description of the transition topology 
Figure 2.3 shows the proposed and realized transition in a back-to-back arrange-
ment. A single transition is impossible to be measured due to the required CPW access 
for probe tip contacting. The SIIG in the center is created by substrate perforation of 
adjacent zones, as explained in the first chapter. Large cut-outs at the ends of the SIIG 
augment the refractive index contrast between the guiding channel and the surrounding 
area which in turn leads to a better field confinement in the channel. This is necessary to 
avoid excessive radiation. The electromagnetic field of the fundamental E\x image guide 
mode enters the parallel plate waveguide section that is formed by the ground plane and 
a metallic patch on top of the substrate. Similar to a microstrip patch antenna, this ge-
ometry can be regarded as a patch resonator that couples to the surrounding substrate 
regions. A microstrip patch antenna uses a thin substrate so that nearly all the power is 
Substrate integrated Back-short via / 
image guide (SIIG) metallized wall to ground 











CPW slot dipole 
:. Back-short via Back-short via 
CPW probe 
(regular) Waveguide channel 
(b) 
Figure 2.4 (a) Inverse dipole arrangement as used for the prototype and (b) regular 
configuration. Both yield almost identical performance. 
coupled - or better - radiated to the air region, whereas the patch resonator in the present 
design couples most of the power to the TM surface wave mode in the substrate slab due 
to its significant thickness. The patch resonator is back-shorted by a via slot or a metal-
lized wall that connects the patch to the ground plane. It acts as a reflector and yields the 
mentioned necessary directive mode excitation towards the SIIG. Hence, in contrast to 
the microstrip transition involving a Yagi-Uda array [79], the front-to-back ratio is ideal. 
Coupling is strong due to the thick substrate and the coupling efficiency is very high so 
that only a very small part of the injected power may be radiated. A slot dipole is etched 
into the patch in order to couple the resonator field to a CPW line. An enlarged view 
of this geometry is given in Figure 2.4(a). Due to the strong coupling on both ends, the 
resonator's loaded Q-factor is very low, resulting in a wide operating bandwidth of the 
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Figure 2.5 Equivalent circuit representation of a single CPW-SIIG transition. 
transition. The back-short not only guarantees directive excitation of the surface wave, 
it also stimulates mode conversion between the patch resonator region and the CPW. 
The inverse-reflective dipole configuration of Figure 2.4(a) was chosen to simplify 
the fabrication of the prototype. A negative consequence is that the access to the CPW 
input is restricted, e. g. if active devices or MMIC modules should be connected and 
biased. A second, but regular arrangement, as shown in Figure 2.4(b), was also simulated 
and exhibits almost identical results. Here, the CPW is supported by a narrow substrate 
channel between two vias, forming a waveguide channel below cutoff. The unwanted 
excitation of parasitic parallel plate modes known in conjunction with grounded CPW 
is therefore suppressed [82]. Simultaneously, this below-cutoff-operation also blocks 
backside radiation of the transition. In the latter configuration, an MMIC placed in 
the space above the mentioned waveguide channel can be connected to the CPW by 
the advantageous flip-chip technology whereas two solid vias next to the CPW can be 
exploited as efficient heat sinks to the ground plane. 
An equivalent circuit illustration of a single CPW-SIIG transition is shown in Fig-
ure 2.5. Coupling is represented by ideal transformers and shunt admittances [64]. Ra-
diation losses are modeled by shunt resistors RR1 and RR2. The waveguide termination 
below cutoff of the regular arrangement in Figure 2.4(b) is modeled by a shunt induc-
tance instead of the back-short [64]. It was observed that the CPW section which is 
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engraved in the resonator patch has no significant influence on wave propagation in the 
parallel-plate region, because the currents in the patch flow parallel to the CPW slots. 
2.3.2 Design approach and simulations 
The transition prototype ought to be fabricated on alumina substrate with supposed 
relative permittivity erjs = 9.7 and loss tangent tanS = 0.0005. Those values were mea-
sured at lower frequencies around 50 GHz by an open resonator setup from Damaskos, 
Inc. The substrate thickness was chosen hs = 381 urn, allowing operation of the SIIG 
around 94 GHz. A polyethylene insulation film of thickness hp = 35 urn has er^ - 2.3 
and tan5 = 0.001. It is inserted between the ground plane and the substrate to further 
decrease conductor losses, as explained in section 1.2. The SIIG guiding channel is 
610 urn wide. By use of the method presented in subsection 1.4.1, the useable SIIG 
single-mode frequency range was determined to lie between 88 GHz and 103 GHz for 
the given dimensions and used materials. 
Dimensions of the resonator patch and the slot dipole for 94 GHz center frequency 
are shown in Figure 2.6. The location as well as the length and width of the slot dipole 
determine the input impedance matching between the CPW line and the patch resonator. 
The CPW strip width is 90 um and the slots are 43 um wide to yield 50 Q transmission 
Figure 2.6 Dimensions (urn) of the metallic resonator patch and the slot dipole. 
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Figure 2.7 Two-layer parallel-plate waveguide region formed by the resonator patch 
and the ground plane. 
line impedance. The length of the resonator (measured from the via wall) is approxi-
mately 3App/4 to fulfill the short-open resonance condition, where App is the wavelength 
in the parallel plate section. The width of the patch is limited by compactness require-
ments. It should be chosen wide enough in order to keep lateral leakage small and to 
guarantee a directive surface wave excitation towards the SIIG. The total dielectric height 
hp + hs between the ground plane and the resonator patch, as shown in Figure 2.7, must 
not exceed a certain thickness. Otherwise an orthogonal mode with horizontally ori-
ented electrical field would also be excited, which would render the transition inopera-
tive. The solution for the phase constant /? of this mode is the same as the solution for the 
TE]Q mode of a partially loaded rectangular waveguide of width equal to the total height 
hF + hs. In this case of a two-layer structure, the following transcendental equation [83] 
has to be solved numerically: 
kf ta,n(kshs) + ks ta,n(kfhp) — 0 . (2.1) 
The variables kf and ks signify the transversal wave number in the insulation film and in 
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SrX = p2 + k2SJ (2.2) 
where k0 depicts the free space wave number and (3 the joint phase constant of the guided 
wave. f3 = 0 applies at the TE10 mode cutoff frequency fc, and therefore 
kf 1/3=0 = k0^/£^F 
ks\f3=o = k0y/F^s . (2.3) 
In this case, the substitution 
h = ^ (2.4) 
Co 
with Co as the speed of light and equations (2.3) in (2.1) yield 
2vr/c 
Co 
'-Je^t&nl -Je^hs)-] -^/e^tan -Je^hF 1= 0 . (2.5) 
V Co v J c0 V
 co / 
This final transcendental equation has to be solved numerically for the cutoff frequency 
fc of the unwanted next higher order mode in the patch resonator. It was found that 
if the isolation film thickness is much smaller than the substrate thickness, then the 
higher order mode cutoff frequency of the dual-layer structure is almost equal to that of 
a parallel plate waveguide that is entirely filled with the substrate material, i. e. when the 
film layer is replaced by substrate material. Applying this simplification, the next higher 
order mode cutoff frequency can be determined by 
fc * 0(h "° v _ _ • (2.6) 
2{hF + hs)y/£^ 
For the given dimensions and materials, equation (2.6) yields fc = 115.77 GHz, whereas 
the exact solution would be 115.94 GHz. A safety margin should be kept to this cutoff 
frequency because the resonator patch has rather small dimensions and therefore the 
parallel plate model has only approximate validity due to fringing fields. The slot dipole 
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that couples the CPW to the patch resonator has been used as an antenna elsewhere [84]. 
In fact, it can be said that the dipole radiates into the resonator region, but it also radiates 
to the air side. Naturally, radiation to free space is undesired and in this context the high 
permittivity of the substrate plays an important role. Nearly all the power is radiated 
into the high-permittivity substrate and only a very small fraction, approximately e~J , 
is radiated to the air side [85]. This asymptotic estimation is valid for thick, potentially 
grounded substrates of high permittivity. Therefore, about 3.3 % of the power or 0.15 dB 
have to be sacrificed as radiation loss in the case of the alumina substrate with ers = 9.7 
and even less for semiconductor substrates with higher permittivity. 
A single transition was simulated in the time domain with CST-MWS without taking 
into account material losses. The 3-D simulation model of a single transition is shown in 
Figure 2.8. A discrete port was used to excite the CPW line with its input in the interior 
of the model. The SIIG is terminated by a wave port which requires an equivalent uni-
form SIIG section as explained in subsection 1.3.3. Obtained S-parameters are shown 
in Figure 2.9. In the range where the reflections are very low (<-25 dB), the plotted 
insertion loss is almost exclusively caused by radiation. The lowest insertion loss level 
is -0.13 dB which is in close agreement with the theoretically predicted amount of dipole 
radiation to the air side in the previous section. Radiation from other parts of the transi-
tion increases towards lower frequencies, because the guided surface wave fields are not 
sufficiently confined in the SIIG guiding channel. The radiation problem also becomes 
more serious towards higher frequencies due to the occurrence of mode conversion to 
the next higher mode in the patch resonator region. 
2.3.3 Realization and measurement results 
A back-to-back transition as shown in Figure 2.3 was realized. The first step was 
laser perforation of the alumina substrate. The upper side was then plated with a 1 urn 
gold layer on a 0.1 urn titanium adhesion layer. The two resonator patches including the 
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Figure 2.8 Simulation model of a single transition using a discrete port and a wave port. 
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Figure 2.9 Time-domain simulation of a single transition excluding material losses. As 
a result, the plotted insertion loss only originates from radiation and return loss. 
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Figure 2.10 Realized CPW-SIIG transition prototype: Gold-plated brass base with 
milled solid vias and insulation film (1.) and the entire transition assembly (r.). The 
back-to-back arrangement of two transitions was necessary to conduct measurements on 
a probe station. 
slot dipoles were subsequently etched by a photolithographic process. The subsequent 
fabrication procedure was improvised due to a lack of certain processes in the labora-
tory which are commonplace in the industry, however. Insulation film lamination or 
heat bonding, specific metallization of the via slots across the insulation film, and reli-
able electrical connections to the patches and ground plane were too demanding tasks 
compared to the available fabrication facilities. For this reason, another approach was 
pursued for the fabrication of the prototype. A metal base was milled out of a brass 
block, with two ridges on it serving as solid vias. Those profiles fit into corresponding 
cut-outs in the substrate. The gold-plated brass base is shown in Figure 2.10. The sub-
strate was fixed on the base by nylon screws, with the mentioned polyethylene isolation 
film in-between. As a last step, the resonator patches had to be connected electrically 
to the base vias with conductive silver epoxy, as shown in Figure 2.11. Admittedly, this 
way of fabrication is not ideal concerning precision and conductor loss, especially in 
this frequency range. Nevertheless, it was still possible to show the functioning of the 
transition at 94 GHz. 
The prototype was measured with W-band coplanar probes with waveguide input 
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Figure 2.11 Conductive connection of the resonator patch to the back-short via with 
silver epoxy. 
from GGB Industries™ on a Suss Microtech™ probe station. Due to the inverse ar-
rangement of the transitions, the probes had to contact the CPW in opposite direction. 
This inverse probing can be compensated subsequently by de-embedding. Figure 2.12 
and Figure 2.13 show measured results in comparison with simulated curves. This time, 
material losses were included in the simulated model. In addition to the time-domain 
simulation with CST-MWS, the structure was also simulated by the FEM frequency-
domain solver, HFSS, to confirm the findings. The simulation results obtained by two 
absolutely different numerical methods agree very well. Insertion loss better than -1 dB 
can be observed from 88 GHz to 103.5 GHz for the back-to-back arrangement. This 
translates to a bandwidth of more than 15 %, which covers the entire SIIG single-mode 
bandwidth. The return loss stays below -20 dB. However, the measured curves signifi-
cantly deviate from the expected outcome (after line-reflect-match (LRM) calibration), 
yielding a much higher insertion loss of about -2.8 dB. Although the structure itself is 
symmetric, no satisfying symmetry was observed for the Su and 522 parameters. This 
is the consequence of insufficient fabrication quality and precision, which is very de-
manding to achieve in this frequency range. Nevertheless, the measurements confirm 
the principal operation of the transition. 
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Figure 2.12 Simulated and measured return loss of the back-to-back transition. Material 
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Figure 2.13 Simulated and measured insertion loss of the back-to-back transition. Ma-
terial losses were considered in the simulations. 
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CHAPTER 3 
INTEGRATED DIELECTRIC ANTENNAS 
Realized examples of integrated dielectric antennas for mmW front-ends are presented 
in this chapter. The SIIG is particularly suitable for this application, because it allows 
low-loss feeding of antenna elements and because it can easily be modified to radiate due 
to its inherently open waveguide structure. The first section describes a planar dielectric 
rod antenna. An antenna involving an array of radiation elements on an SIIG feed line is 
presented in the following section. The last section describes a compact slab-mode an-
tenna, which uses a dielectric substrate as wave-guiding medium and achieves directivity 
by means of a planar lens on top of the substrate. 
3.1 SIIG rod antenna 
Millimeter-wave communications, imaging, sensors and radar systems require com-
pact and light weight antennas, which can easily be integrated and arranged into arrays. 
Furthermore, it is often desired to have a certain directivity, since that is easy to achieve 
even with relatively small antenna dimensions or because it is needed due to the high 
free-space loss that augments quadratically with frequency. Printed circuit board (PCB) 
antennas like the microstrip patch, which fulfill these requirements in the microwave 
range, do not provide sufficient performance in the mmW range. This is due to high 
conductor losses arising from high current densities at the edges of the resonator patches 
and the microstrip feeding network in arrays. Dielectric antennas are an auspicious alter-
native. They offer very low loss, which is only dependent on the used dielectric material 
and does not rise significantly with frequency. The dielectric rod antenna, also known 
as polyrod, was the first of this class to be investigated [5]. It consists of a dielectric 
71 
Figure 3.1 (a) Conventional dielectric rod antenna with horn feeding and (b) modified 
image rod antenna consisting of a tapered image guide on a metallic ground plane. 
bar of cylindrical or rectangular shape, which is often tapered in some way to gradu-
ally transform a guided surface wave into a free-space wave. Antennas of this type, a 
few wavelengths long, typically offer medium gain around 15 dBi, high efficiency, and 
a broad frequency response. Feeding to the dielectric rod itself is normally achieved 
by means of a metallic horn as a smooth transition, as shown in Figure 3.1(a). This 
is very problematic, because the pyramidal horn is not compact and thus incompatible 
with integrated technologies. An alternative way of feeding a planar image-rod-antenna 
is demonstrated in this section. 
In order to use the dielectric rod antenna in integrated circuits, it is necessary to 
convert it to a flat, planar structure, as shown in Figure 3.1(b). In this case, a ground 
plane acts like a mirror for the electromagnetic fields and the dielectric rod becomes 
an image guide. Radiation characteristics of a standard cylindrical rod antenna and a 
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corresponding half-cylindrical image guide rod antenna were compared by other authors 
[86]. Good agreement of measured radiation patterns could be shown. As far as image 
theory is concerned, radiation in end-fire direction tends to go to zero in connection with 
large ground planes, whereby the main lobe has a certain elevation relative to the ground 
plane. However, since the ground plane extension is finite, scattering occurs at its edges 
so that some energy is also radiated in the end-fire direction and into the "shielded" half 
space. 
An assembly as shown in Figure 3.1(b) is not yet suitable for mmW integrated cir-
cuits. The horn transition is not capable of being integrated and high fabrication preci-
sion is difficult to achieve and costly. The SIIG can solve this problem in an elegant way. 
Direct connection of this periodic waveguide structure and the dielectric rod yields very 
efficient and broadband feeding, as graphically visualized by the FEM field simulation in 
Figure 3.2. This is a consequence of the nearly identical field distribution and orientation 
in the SIIG and the dielectric rod. Radiation from the discontinuity between the SIIG and 
the actual rod antenna is very low and therefore does not disturb the radiation pattern. 
The possibility of fabricating circuits and such low-loss dielectric antenna elements with 
high precision at low cost on the same substrate forms a distinct advantage. 
Figure 3.2 Top view of the simulated electrical field (HFSS) at ground plane level. Only 
half of the structure was modeled due to the even symmetry. 
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Figure 3.3 Photograph of the fabricated SIIG rod antenna. A transition from WR10 
metal waveguide feeds the SIIG (for measurement purposes only) which in turn acts as 
feed line for the image rod antenna. 
For prototyping, a laser was used to cut the structure out of 381 urn thick alumina 
substrate (er - 9.7), but various other micro-machining techniques can be considered 
for high volume production. The guiding channel width w of the SIIG and the hole 
diameter 2r were each chosen 500 urn, at a lattice constant p - 625 urn. An insulating 
film (polyethylene; er = 2.3; h = 30 um) was added to ease fabrication tolerances and 
to reduce conductor losses. A photograph of the assembly is shown in Figure 3.3. In 
order to connect the measurement equipment, the waveguide-SIIG transition described 
in section 2.2 was used. About 10 % or 0.5 dB of the supplied power is radiated at 
this transition. This would cause a non-negligible perturbation of the radiation pattern. 
Therefore, absorbing foam material was put at a distance around the SIIG directly after 
the transition in order to damp radiated waves, but without attenuating the surface waves 
guided in the SIIG. 
Material, length and shape of a dielectric rod antenna can strongly affect the an-
tenna's properties. In our case, the substrate permittivity has to be high (ey R; 10) for 
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a properly working SIIG feed line. The length of the rod has the strongest influence on 
the gain and its shape affects the radiation pattern, i. e. side lobe level and frequency-
dependence. The literature does not provide accurate information on synthesis, because 
the effect of tapers on the total radiation pattern is very complex. Usually, the rod antenna 
is treated as a line source, with only a rough knowledge of the amplitude distribution. 
Two different designs were studied and a prototype was fabricated and measured. 
3.1.1 Reduced side-lobe design 
A low side lobe level can be achieved if the rod is wide at the feeding point and 
smoothly tapered to the end [87]. Then, the guided wave is properly bound at the feed-
ing point so that only little power is radiated from this discontinuity and it is gradually 
matched to free space while propagating along the taper. Ideally, the guided wave is 
only radiated from the rod tip, so that interference of radiated waves occurs. Figure 3.2 
provides a good insight on how the gradual transition to free space works. Some gain has 
to be sacrificed and a broader main lobe is obtained by the reduced side-lobe approach. 
However, this can be an advantage when beam steering in an array is strived for. The 
linear taper design was chosen for the prototype in Figure 3.3 because it guarantees suffi-
cient mechanical stability of the very small rod. The taper width was 800 urn at the input 
(SIIG feeding point) and 100 urn at the end of the rod. In order to examine the influ-
ence of the rod length, the E-plane (elevation plane) radiation pattern was simulated with 
HFSS. Results are shown in Figure 3.4. In this case, the ground plane excess length L, as 
defined in Figure 3.5, was kept constant at 6 mm. It can be noticed that the directivity 
only slightly increases beyond a rod length of 12 mm, which corresponds to about four 
times the vacuum wavelength A0. The rod length was chosen 6 mm for the fabricated 
prototype to obtain sufficient ruggedness. The finite ground plane has strong influence 
on the radiation properties, because diffraction occurs at its edge. This mechanism is 
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Figure 3.4 Simulated directivity in the E-plane (elevation) for varying rod lengths. 








Figure 3.5 Interference and phase retardation of scattered waves from the ground plane 
edge, which gives rise to side lobes. 




Figure 3.6 Simulated directivity in the E-plane for varying ground plane excess length 
L. Fixed length of linearly tapered rod: 6 mm. 
antenna, but a fraction propagates to the edge and is scattered there. Although the side 
lobe level is small in the H-plane, there may be significant side lobes in the E-plane for 
that reason. 
The phase retardation A7 in the far field between the two rays in Figure 3.5 is calcu-
lated from 




ForL = 6 mm and 0 = 65°, equation 3.1 results in A7 = 63°. This means that the superpo-
sition is still constructive for the given elevation angle in the direction of maximum gain. 
The next angle of exact constructive superposition (A7 = 2ir) in this example is 8 = 28°, 
which is confirmed by the simulation results of Figure 3.6. A side lobe maximum occurs 
at this angle. Figure 3.6 shows the influence of the ground plane excess length L on the 
simulated E-plane radiation pattern. In this way, higher directivity can be achieved with 
longer L, but this also entails more significant side lobes. On the other hand, too short L 
• results in a very poor E-plane pattern. In order to get a clean radiation pattern without 
added ripple or side lobes, the edge scattering can be diminished or avoided by absorber 
77 
material, electromagnetic bandgap substrate, or a curved ground plane. For the sake of 
simplicity, the original design was maintained, but only a small distance of L = 6 mm 
between the dielectric rod tip and the ground plane edge was chosen. Thus, interference 
of the radiated and diffracted waves causes only minor side lobes. 
3.1.2 Maximum gain design 
Maximum gain design procedures for conventional rod antennas [87,88] can as well 
be adopted for this planar version. Meeting the Hansen-Woodyard condition 
l/3-lko~Tr, (3.2) 
provides maximum super-directivity, if a long line source is assumed [87]. In (3.2), 1 
is the rod length, (3 the phase constant of the guided wave, and k0 the free space wave 
number. Approximately constant amplitude distribution is another precondition. The re-
quired linear phase distribution is obtained with a dielectric rod of constant cross section. 
Condition (3.2) for the optimum terminal phase difference can be fulfilled by proper ad-
justment of the cross section in dependence of the rod length. A parameter sweep was 
conducted over the width of the image rod. The best result at 94 GHz was obtained for a 
width of 275 um at constant substrate thickness of 381 urn and rod length of 6 mm. The 
corresponding phase constant (3 was obtained by an additional eigenmode simulation: 
f3/k0 = 1.076. This result applied to the left side of (3.2) leads to a phase difference 
of 51.4°instead of n. The reason is that the antenna is not long and thus the Hansen-
Woodyard condition is not directly applicable. In addition, there is an amplitude peak at 
the input end, very similar to a Yagi-Uda antenna, which is a comparable surface wave 
antenna [87]. It was experimentally shown [89] that the optimum terminal phase dif-
ference is reduced to about 60°for very short Yagi-Uda antennas and rises continuously 
towards IT for long antennas. Moreover, the antenna presented here is not a true end-fire 
antenna. Peak directivity occurs at an elevation angle 9 = 65°, which also reduces the 
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optimum terminal phase difference. HFSS simulations of a maximum gain design with 
a 6 mm long rod resulted in 14.4 dBi directivity at 94 GHz - a 2.4 dB increase compared 
to the previous linear taper design. Although this design is more narrowband-related, 
the simulated directivity at 90 GHz and 98 GHz was only slightly inferior, 13.7 dBi and 
14.2 dBi, respectively. This second design was not realized because of its fragility due 
to the very thin rod. 
3.1.3 Experimental results 
Measurements of the prototype with linear taper, as shown in Figure 3.3, were con-
ducted with a compact range setup in an anechoic chamber. First experiments with 
long ground plane excess length L = 15 mm were carried out. Pronounced side lobes 
predicted by equation (3.1) were observed and the ground plane was shortened subse-
quently to L = 6 mm. Simulated and measured H-plane and E-plane radiation patterns are 
compared in Figures 3.7 and 3.8, respectively. Very good agreement can be observed, 
even though the angular measurement range was limited due to technical constraints. 
The superior H-plane pattern found in the experiment (narrower beam width) can be ex-
plained by somewhat inaccurate radiation boundaries in the FEM model, which needed 
to be placed very close to radiating parts. The measured gain of 12.8 dBi at 90 GHz 
was only slightly inferior to the simulated directivity of 13 dBi. Figure 3.9 shows the 
half-power beam widths and gain over frequency. Reference measurements (calibration) 
with a pyramidal standard gain horn hold error specifications of ±0.5 dB and the rela-
tive receiver accuracy for the signal strength in this case is ±0.1 dB, whereas positioning 
errors can be neglected. Imperfect radiation boundaries in the simulation are another ori-
gin of inaccuracy. Nevertheless, the high radiation efficiency of this antenna is evident. 
A value of 74 % is predicted by simulations that include material loss. For the given 
materials, the ratio of conductor loss to dielectric loss is about 1:2. Return loss mea-






Figure 3.7 H-plane radiation pattern of the SIIG rod antenna at 9 - 65°. 
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Figure 3.9 Half-power beam widths and gain over frequency. 
worst value in the band from 90 GHz to 98 GHz was assessed -18 dB, in which most of 
the reflections probably derive from the waveguide transition and not from the antenna 
itself. The usable bandwidth is not limited by return loss but by the bandwidth of the 
SIIG and by the degradation of the radiation pattern. In the given frequency range, the 
elevation of the main lobe is almost frequency independent. 
The SIIG rod antenna's low loss properties make it an interesting candidate for sub-
millimeter and terahertz applications, which is also promoted by its low fabrication com-
plexity. To achieve compatibility with MMICs, the rectangular waveguide feed can be 
replaced by a CPW feed, which allows for flip-chip mounting or wire-bond connection 
of the MMIC. Design, simulation, and measurements at 60 GHz including the hybrid 
integration of an MMIC LNA are described in section 5.5. 
3.2 SIIG array antenna 
The foregoing section deals with an antenna principle in which a guided wave is 
















Figure 3.10 Conceivable low-loss assembly of an MMIC on an SIIG array antenna. 
electric antenna is described, which can be attributed to the class of linear array antennas, 
or more specifically, to image line antennas. Here, radiation is caused by perturbation of 
the guided wave in the open SIIG. Early experiments have shown dielectric waveguides' 
capacity as radiators in conjunction with introduced obstacles [90]. Especially the di-
electric image guide was shown to be promising for this task [91]. Such antennas are 
known as image line antennas, a comprehensive overview is given elsewhere [14]. 
The SIIG provides an integrable technology to combine the front-end circuit - most 
likely an MMIC - with the antenna. For example, the auspicious flip-chip technology 
[92] can be used to mount an MMIC chip on alumina or a similar low-loss substrate in a 
hybrid way. A possible assembly is shown in Figure 3.10, where the mentioned obstacles 
or radiation elements are placed on top of the SIIG guiding channel. The also necessary 
transition between CPW and SIIG is described in section 2.3. Before getting into design 
details, the radiation beam generation and frequency-scanning behavior is derived. 
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3.2.1 Extended array antenna theory 
In general, linear array antennas consist of serially fed elements with equal inter-
element spacing. Image line antennas belong to this class of antennas. The guided 
surface wave is disturbed by some kind of periodic obstacle, e. g. slots in the ground 
plane, dielectric gratings, or etched metallic shapes on the top side. Such discontinuities 
in the open dielectric waveguide cause reflection and transmission of the fundamental 
mode, but simultaneously excited higher-order modes at the obstacle result in radiation 
[93]. This can also be seen as coupling to the continuous spectrum of radiation modes in 
form of a leaky wave in the case of periodic obstacles [94,95]. The periodicity allows an 
expansion into spatial harmonics (Floquet's theorem), of which one or more are radiated 
in a certain direction relative to the waveguide, whereas the others are guided. Strictly 
speaking, Floquet's theorem can be applied only to infinite periodic structures, but it also 
provides good approximation for long periodic structures. The radiation condition for 





where (3m is the phase constant of the m-th spatial harmonic. The constant p is the 
periodic interval given by the inter-element spacing of radiation elements. Since (3 > k0 
for open dielectric waveguides, this condition can only be fulfilled for negative spatial 
harmonics (m = -1, -2, -3, etc.). Angle 6 is the elevation angle measured from the axis 
of wave propagation as illustrated in Figure 3.10. The angle 6m for the radiation peak of 
the m-th spatial harmonic is obtained from the relationship: cos((9m) — (5m/ko. 
A previously published paper [96] provides incomplete results for the scan range of 
the main beam without scanning adjacent grating lobes into the antenna's visible region. 
This is important because usually only one principal beam is desired. The lower limit of 
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equation (3.3), which corresponds to radiation in back-fire direction, is 
P A0m 
V 
= - 1 
and the upper limit for end-fire radiation is 
P A0m 
k0 p 




—m p —m 
fco 
(3.6) 
where A0 is the free space wavelength. If only one spatial harmonic should fulfill the 
radiation condition (3.3), it is required that 
-m — 1 p — m + 1 (3.7) 
fco fco 
With this respect, the first negative spatial harmonic (m = -1) has the largest scan range 
without radiating other spatial harmonics (= exclusive main lobe scan range). Fulfilling 
the radiation condition of (3.6) and the single beam requirement of (3.7) in parallel to 
achieve 180° scan coverage leads to 
ko 
> 3 (3.8) 
All the above is obtained by applying a leaky wave point of view, which implies an 
infinite or at least a long periodic structure for good approximation. Only the direction 
of the radiation peaks is considered, whereas the width of the grating lobes is neglected. 
The latter is dependent on the antenna length and accordingly on the number of radiation 
elements. At this point some incomplete assumptions were made in [96]. The authors 
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Figure 3.11 Illustration of the grating-lobe-free visible range of an example array of 
N = 5 equally excited isotropic elements. 
introduce a condition that corresponds to an array of only N = 2 elements with accord-
ingly wide grating lobes. Naturally, too strict limitations on the main beam scan range 
are the consequence. This theory is extended here for an arbitrary number of elements 
N. For compact antennas, like the presented SIIG array antenna, the leaky-wave ap-
proach with application of Floquet's theorem is not valid any more. Therefore, a finite 
array viewpoint is applied, which is suitable to describe the antenna with few elements. 
With the definition of a phase variable 
ip = k0p cos 6 — 
V (3.9) 
the width of the visible region of the array becomes [97] 
A^ = 2k0p (3.10) 
The grating-lobe-free visible range is illustrated in Figure 3.11. The condition 




must be satisfied for the most critical minimum scan angle 6min in order to maximize 
the width of the visible region without including any part of the adjacent grating lobes. 
Furthermore, the phase difference between consecutive elements must meet 
ftp = k0p cos 9min + 27r (3.12) 
so that the radiation peak (*0 = — 2-n) is situated at 0min. Meeting both equations, (3.11) 
and (3.12), yields 
A° k0
+1 
for the normalized periodic interval if the smallest 6min without grating lobes is looked 
for. This result in (3.12) yields 
6>min = arccos | ^ ^ y - - 1 | . (3.14) 
+ N-l 
If scanning up to end-fire (9min = 0°) is to be achieved, then 
k0 N — 1 
which is in agreement with equation (3.8) for N —> oo. 
Limitations for the avoidance of an end-fire grating lobe are derived by analogous 
reasoning and yield equivalent to (3.13) and (3.14): 
Bmax = 7T - arccos f f £ - 1 j (N - 1) - 1J . (3.17) 
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If scanning up to backfire (8max - 180°) is to be achieved, then 
which evidently is a weaker requirement than (3.15). However, 9min occurs at the upper 
scan frequency and 8max at the lower and therefore f3/k0 at these frequencies has to be 
taken into account. Figure 3.12 graphically illustrates the above derived interrelations. 
The hatched area in Figure 3.13 shows the exclusive scan range of the main beam in 
dependence on (3/k0. It was shown here that the restrictions are less strict than previously 
assumed in [96], where the authors state that a slow-wave factor j3/k$ > 5 is necessary 
to cover the whole 180°-range. 
3.2.2 Design and simulation 
The SIIG acts as the feed line of the antenna array. Detailed analysis and design 
guidelines for the SIIG are provided in section 1.4. Just as for the SIIG rod antenna, 
alumina was used as high-permittivity substrate. The substrate thickness is 381 um. Al-
though the widest bandwidth is achieved with approximately equal height and width of 
the guiding channel, other design constraints may necessitate a broader core width. In 
this case, the printed radiated elements require a certain amount of space on top of the 
guiding channel. Therefore, an increased width of 610 um was chosen. Hole diameter 
and lattice constant of the substrate perforation are 460 um and 575 urn, respectively. 
Again, a 60-um-thick polyethylene insulation film was inserted between the substrate 
and the ground plane. Those dimensions yield a usable SIIG single-mode frequency 
range of 88 GHz to 103 GHz. Such limits are found by the method described in subsec-
tion 1.4.1. 
Image line antennas were built with all kind of periodic obstacles [14]. Dielectric 
gratings were shown to cause leaky-wave radiation, but this perturbation of the dielec-
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Normalized phase constant p/k 
Figure 3.12 Interrelation of P/k0, p/Xo, and the scan limits. The grating lobe limits are 
calculated for a 12-element example array. No grating lobes are present in the hatched 
zone. 
Normalized phase constant p/k 
Figure 3.13 Graphical illustration of the exclusive main beam scan range in dependence 
on the normalized phase constant. The grating lobe limits are calculated for a 12-element 
example array. The hatched area identifies all possible points of operation at which 
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Figure 3.14 Configuration of a single radiation element as used for the SIIG array 
antenna. Dimensions are in um. 
trie interface cannot produce a sufficiently high leakage rate [98] to allow the design of 
compact antennas. Slots or grooves in the ground plane are another possibility [91,99], 
but they are not convenient to use for integrated circuits. Lithographically etched ele-
ments on the top side [100,101 ] are easy to fabricate, typically cause a stronger radiation, 
and provide a better control of the radiation pattern. Simple metallic strips transverse to 
the image guide were used in the majority of cases. The occurrence of a stop band due 
to distributed Bragg reflection is a well known problem in connection with periodic ar-
ray or leaky-wave antennas in general and image line antennas in particular [93]. Such 
a stop band occurs when all elements are fed with equal phase, i. e. it coincides with 
broadside radiation. Since it was intended to steer the main beam through broadside, 
a reflection-compensating method was adopted that has previously served in microstrip 
traveling wave arrays [102] and image line leaky-wave antennas [103]. In addition, the 
element should allow a wide adjustment range for the radiation coefficient. The devel-
oped element configuration is shown in Figure 3.14. The strips, acting as shortened 
dipoles (below resonance), are parallel to the SIIG axis. A guided surface wave arriving 
from the left is disturbed by the three obstacle strips and a fraction of it is radiated. The 
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Figure 3.15 Simulation results for the return loss of a single radiation element. The 
offset length determines the cancellation frequency. Comparison to an uncompensated 
element (3 obstacle strips only) accentuate the benefits. 
The following anti-reflection strips have the task to cancel those reflections by destruc-
tive interference. As shown in Figure 3.15, much lower reflected power is achieved in 
this way in comparison to ordinary elements without canceling mechanism. 
The design procedure for a single radiation element is as follows: 
1) Find initial values for the obstacle strip length and width in order to obtain the desired 
radiation/transmission ratio. This step was achieved by full-wave optimization (CST-
MWS). A two-port model of an SIIG section as presented in subsection 1.3.3, with 
the obstacle strips on top of the guiding channel, is used to this end. The resonance 
frequency for a strip length of 550 urn is 100 GHz, as shown in Figure 3.16. As a rule of 
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Figure 3.16 Resonance behavior of three obstacle strips with a length of 550 um etched 
on top of the SIIG guiding channel. For broadband operation, the antenna has to be 
operated in the non-resonant region. 
2) Compensate reflections by optimizing the anti-reflection strip length and offset length. 
As explained before, the use of twin obstacles with A9/4 offset can effectively reduce re-
flections and consequently the stop band behavior. While the offset length in Figure 3.14 
is responsible for the proper phase condition to achieve destructive interference at the in-
put port, the anti-reflection strip length has to be adjusted for the correct reflection level 
to accomplish quasi-complete cancelation at the broadside frequency. Since both pa-
rameters can be altered continuously, complete cancelation can always be obtained at 
a single frequency. Simulation results for the improved return loss are shown in Fig-
ure 3.15. Due to a certain interdependency, it may be necessary to repeat design steps 1) 
and 2) iteratively. 
3) Create a database of radiation elements with different radiation coefficients. This is 
necessary for antenna design with shaped radiation distribution for low side lobe levels. 
If broadside radiation has to be achieved at the center frequency, e. g. 94 GHz, then 
each of the radiation elements has to be excited with equal phase. For this purpose, the 
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Figure 3.17 Calculated, simulated, and measured beam scan angle over frequency. The 
directly full-wave-simulated and phase-compensated calculated curves correspond very 
well with each other. Deviation of the measured curve can be attributed to fabrication 
tolerances and imprecisely known material constants. 
frequency if the elements did not have any influence on the phase constant of the SIIG. 
However, inductive coupling to the elements as well as the relatively strong attenuation 
by radiation cause additional phase shifts. This effect has to be taken into account by 
placing the elements somewhat closer to each other. The phase delay caused by a single 
element can be obtained by comparing the simulated phase shift of an element-loaded 
SIIG section with an unloaded, but otherwise equal section. For example, the element 
shown in Figure 3.14 causes 36° additional phase shift at 94 GHz, a value that increases 
with frequency. As a result, the inter-element spacing of the prototype is 1.725 mm 
whereas Xg of the unloaded SIIG at 94 GHz is 1.95 mm. Figure 3.17 shows the scan angle 
obtained by direct full-wave simulation (CST-MWS) of the complete array antenna. For 
comparison, another scan curve was calculated by equation (3.9) when ip is replaced by 
-2ir and when the above mentioned element phase shift is taken into account. Note that 
the simulated and calculated results agree very well with each other, thus validating the 
explained technique. The deviating measured curve is commented later in this section. 
—•-Measurement 
—Calculated from simulation data 
-o-Direct full-wave simulation 
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The prototype antenna was designed for broadside radiation at a specific frequency. 
If, in contrast, maximum scanning towards end-fire without generating grating lobes is 
looked for, the afore derived equations can be used. It was found by simulations that the 
given SIIGs slow wave factor at 103 GHz (highest operating frequency) with included 
element phase shift is P/k0 = 1.98. The optimum inter-element spacing is calculated 
by (3.13) and yields p = 1.873 mm for a 12-element antenna. Then (3.14) results in 
8min - 65°, which means that scanning up to 25° from broadside towards end-fire is 
possible with this configuration. 
The number of radiation elements determines one aperture dimension and conse-
quently affects beam width and directivity. A minimum number of elements are neces-
sary to radiate the majority of the power and to let only a small amount of residual power 
be dissipated in a terminal absorber. The antenna shown in Figure 3.10 was shortened to 
six elements for better illustration. In reality, twelve equal radiation elements were used 
for the designed antenna. The excitation level of the elements is exponentially decreasing 
towards the end due to the constant attenuation by radiation and guidance losses. Such 
a design is not ideal in terms of side lobe level and a more advantageous distribution of 
the elements' radiation coefficients is necessary for a low side lobe level. The latter can 
be achieved by adjusting each element's strip length appropriately. However, side-lobe 
optimization is not subject of this work. It was treated in many other publications, for 
example [96,100,104]. 
3.2.3 Measurements 
The integrated assembly of Figure 3.10 is not suitable to conduct the antenna mea-
surements. A probe station would be necessary to connect the CPW input to a receiver 
or transmitter, which renders the measurements in an anechoic chamber virtually im-
possible. Therefore, a laser-cut prototype antenna and insulation film were placed on 
a milled aluminum fixture that provides transitions to standard WR10 waveguide (see 
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Figure 3.18 SIIG array antenna mounted on an aluminum base for measurement pur-
poses. During measurements in the anechoic chamber, the base and the transition were 
clad with absorber material to avoid reflections and induced surface currents that would 
disturb the radiation pattern. 
section 2.2). The described assembly is shown in Figure 3.18. An antenna with twelve 
elements is roughly 20 mm long, but the SIIG was extended on both sides to reduce 
the side effects caused by the transitions. Radiation pattern measurements were car-
ried out with a compact-range setup in which the antenna under test was operated in 
receiving mode. Foam absorber was used to dissipate the residual guided power at the 
antenna output. The latter was replaced by a second transition for two-port transmis-
sion measurements by means of a VNA. Figures 3.19 and 3.20 show the simulated and 
measured reflected and transmitted power of the entire antenna. Significant ripple on 
the measured curves is a consequence of the superposition of reflected waves from the 
waveguide transitions and from the radiation elements. Frequency-dependent phase con-
ditions entail either constructive or destructive interference, corresponding to reflection 
peaks or nulls. The transitions to WR10 waveguide as well as material losses were not 
modeled in the simulation. It can be noticed that the reflections are higher for reverse 
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Figure 3.19 Measured and simulated antenna return loss. The non-ideal transitions to 
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Figure 3.20 Measured and simulated residual power at the antenna termination. Mate-
rial losses as well as insertion losses from the two WR10 transitions are not included in 
the simulation. 
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feeding, i.e. when the elements are fed from the output port. In this case, the reflec-
tion cancelation is not ideally adjusted any more since obstacle strips and anti-reflection 
strips are exchanged. A relatively high reflection level can be observed around 100 GHz. 
This was later found to be the frequency of broadside radiation, which had shifted from 
94 GHz. In other words, the phase constant (3 was found to be 6 % smaller at the de-
sign frequency, which in turn deteriorates the return loss performance. This change is 
partly caused by fabrication tolerances and in part by not precisely known material con-
stants in the given frequency range. Furthermore, it was observed that the high-density 
polyethylene film is very susceptible to humidity and that it changed its thickness over 
time. The deviation of the residual power in Figure 3.20 arises from dissipation losses 
and attenuation caused by the transitions which were not included in the simulation. The 
measured residual power is in the range of -8 dB after accounting -1 dB for the two 
WR10 transitions. This means that a fraction of 16 % is dissipated in the absorber. Also 
observable in Figure 3.20, the residual power is relatively constant over the operating 
frequency range. The field strength on top of the SIIG, where coupling to the radiation 
elements occurs, decreases for higher frequencies because the fields are more concen-
trated in the interior of the guiding channel. However, the etched strips are electrically 
longer at increasing frequencies, which somewhat flattens the frequency dependence of 
the radiation coefficient. 
Figure 3.21 shows the measured radiation pattern in the H-plane at broadside angle 
while operated at the broadside frequency of 100 GHz and at adjacent frequencies. Due 
to technical restrictions, the antenna could not be measured over the full 180°-range. 
Shadowing effects caused by an absorber can be noticed for angles greater than 120° 
and diffraction occurred even before. However, since the antenna is symmetric, the first 
quadrant already contains all the pattern information. The maximum gain is 11 dBi at 
4> = 50°, measured with an error tolerance of ±0.6 dB. By comparison with the H-plane 
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Figure 3.21 Simulated and measured H-plane radiation patterns (9 = 90°). 
broadside frequency of 100 GHz. This is a proof of the effectiveness of the reflection-
cancelation technique. Cross-polarization is low for two reasons: The elements consist-
ing of parallel strips are inherently linear polarized and the SIIG was designed to support 
only the fundamental mode, which does not couple to an incident wave of orthogonal 
polarization. The simulated directivity is also shown for comparison. The shape agrees 
well, whereas its absolute value is higher because no transition and dissipation losses are 
taken into account. The dent occurring at broadside direction can be explained by im-
age theory. A radiation element over the image plane (ground plane) can approximately 
be modeled by two point sources with twice the distance, whereas the image source has 
negative sign. Constructive interference occurs at broadside if the distance between these 
sources is A/2. Since the actual electrical distance in the case of our antenna is slightly 
more, about 0.65-A by taking into account the effects of the substrate, constructive inter-
ference occurs at an angle of 40° away from broadside. Admittedly, this circumstance 
is not ideal. A combination of thinner substrate and thinner insulation film improves 
the pattern while it does not change the operating frequency range. Another option is 
to make use of only one of the two maxima when a two-dimensional array is designed. 
Figure 3.22 shows the measured E-plane radiation pattern at the broadside frequency 
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Figure 3.22 Calculated and measured E-plane radiation pattern (0 = 90°). The peak of 
the calculated curve is fit to the peak of the measured curve. 
of 100 GHz. For comparison, the expected pattern was calculated by array theory for 
exponentially decreasing excitation of point sources. This analytical approach allows 
quite accurate prediction of the shape of the main beam. The rest of the pattern matches 
only roughly, since the sheet absorbers applied to the free surfaces of the aluminum fix-
ture do not totally suppress surface currents and reflections, and the transition to WR10 
waveguide is also believed to cause noticeable side effects. Obtained radiation patterns 
show comparably good results in the entire operating frequency range from 88 GHz to 
103 GHz. 
It is difficult to determine the radiation efficiency experimentally. Simulations with 
included material loss predict a power loss of 13 % due to dissipation. Another 18 % are 
not radiated, but dissipated in the terminal absorber. The insertion loss of the employed 
WR10 transition is estimated at 0.5 dB or 11 %, which yields, altogether, a total radiation 
efficiency of 58 % or a loss of 2.4 dB. This theoretical result is in accordance with the 
difference between the measured gain and the simulated directivity in Figure 3.21. Even 
if insertion losses from an integrated transition between CPW and SIIG might be slightly 
higher than in the case of the rectangular waveguide transition, there is still room for 
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lowering the residual terminal power. MMIC connection losses included, the overall 
efficiency to achieve with this type of integrated antenna is estimated to lie between 
50 % and 60 % at 94 GHz, if the same materials are used. 
Figure 3.17 shows the main beam scan angle over frequency. The already mentioned 
deviation in the phase constant of the SIIG shifts the scan angle by 10° compared to 
theoretical predictions. The average curve steepness is 27GHz and the half power beam 
width of the main beam is 8.5°. Therefore, the antenna could be used as a fixed-direction 
fan-beam sector antenna for high-capacity data links within a bandwidth of up to 2 GHz. 
Higher gain can be achieved by arranging several SIIG array antennas in parallel, thus 
narrowing the H-plane beam. Long-range vehicular radars could use the frequency scan-
ning ability of this antenna. By increasing the number of elements and antenna length, 
the main beam can be made very narrow for this application. 
3.3 Dielectric slab-mode antenna 
3.3.1 Design 
A wideband CPW-SIIG transition that is suitable to excite a surface wave on an in-
tegrated dielectric waveguide is presented in section 2.3. In an analogous manner, a 
TM0 slab mode can be launched on a grounded dielectric substrate, as illustrated in Fig-
ure 3.23. Like the CPW-SIIG transition, this type of slab-mode launcher can be used on 
high-permittivity substrates and has an operating bandwidth of typically more than 20 % 
at a return loss level of better than -20 dB. More details on the underlying mechanism 
of field conversion between a CPW and a dielectric waveguide are given in section 2.3. 
Other TMQ slab-mode launchers can be found in the literature, e. g. with microstrip in-
put [105] or CPW input [106]. However, the presented launcher is superior in terms of 
launching efficiency as well as achievable bandwidth and was therefore preferred over 
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Figure 3.23 Topology of the developed TM0 slab-mode launcher and visualization of 
the electric field at ground plane level. 
the other designs. Moreover, its front-to-back ratio is very high as a result of the large 
metallic back-short vias. 
Depending on the chosen substrate material, a slab wave can have very low trans-
mission loss. Wave attenuation is particularly low if a thin low-permittivity insulation 
film or air gap is introduced below the substrate, as it was also done for the SIIG to re-
duce conductor losses in the ground plane. This simple waveguide structure was shown 
to be attractive for 2-D quasi-optical power combiners [105,107], a topic that is briefly 
discussed in the next chapter. Directive mmW antennas constitute another interesting ap-
plication, because a surface wave that originates from a point source can be spread to a 
large effective aperture and then be radiated efficiently into free space. An antenna based 
on this functional principle was realized and a photograph of the prototype including part 
descriptions is shown in Figure 3.24. It was fabricated from Rogers RT/duroid® 6010LM 
high frequency laminate (er = 10.2, tan£ = 0.0023). Although the intended area of appli-
cation mmW front-ends due to the efficiency advantages over conventional metal-based 
antennas, the antenna was designed around 12 GHz in order to allow the use of a standard 
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Figure 3.24 Photograph and part description of the realized slab-mode antenna proto-
type. 
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ber. The physical dimensions are listed in Table 3.1. A planar dielectric lens being half 
as thick as the substrate and of the same material was attached on top of the substrate. It 
locally changes the thickness of the grounded substrate and therefore reduces the phase 
velocity of the guided wave in those regions, which leads to a focal effect. The cylin-
drical phase fronts of the launched surface wave are flattened in this way to augment the 
antenna gain. This principle is discussed more explicitly in section 4.3 together with a 
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Figure 3.25 Simulated electrical field at ground plane level and on a centered vertical 
plane of the slab-mode antenna. 
quantitative analysis of the propagation constants in the dielectric slab. The prototype's 
curved ground plane was milled out of a brass block. Low-cost fabrication for commer-
cial products is feasible by plastic injection molding and subsequent electroplating, for 
example. Instead of an insulation film, a small air gap of h = 0.254 mm was created be-
tween the substrate and the ground plane. Figure 3.25 shows the simulated electric field 
on a horizontal and on a centered vertical plane of the antenna. The field visualizations 
illustrate how the guided surface wave in the grounded slab is focused by the dielectric 
lens, gradually transformed into an ungrounded slab mode by the curved ground plane, 
and finally radiated in end-fire direction at the edge of the substrate. Since the wave is 
loosely guided at this point (low effective permittivity), reflections from the substrate 
border are relatively small in spite of the high refractive index contrast. Scattering can 
be reduced additionally by an antirefiection segment at the radiating edge, as shown in 
Figure 3.26. Such a segment may be of a material with a lower permittivity, between that 
of the high-permittivity substrate and that of the surrounding air. The best value found 
by iterative optimization was er = 2.2 with a section length of 7.8 mm. An alternative 
and simpler manner is to thin the substrate, which leads to a lower effective permittiv-












Figure 3.26 Antireflection segment at the substrate edge: (a) A/4 substrate section of 
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Figure 3.27 Comparison of the simulated reflection level (dielectric slab only) with and 
without the antireflection segment. 
the antireflection segment is shown in Figure 3.27. Besides a decreased return loss, this 
technique also slightly improves the radiation pattern due to the improved scattering 
behavior at the substrate edge. 
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Figure 3.28 Measured return loss at the SMA connector of the slab-mode antenna in 
comparison with simulation results. 
3.3.2 Experimental results 
The return loss at the soldered SMA connector was measured by means of a network 
analyzer. Measurement and simulation results are shown in Figure 3.28. Despite the 
frequency shift and degradation of the measured return loss, which is most probably 
caused by fabrication tolerances and the effect of the SMA connector, the bandwidth 
at less than -10 dB is greater than 20 % and thus confirms the simulation result. This 
bandwidth is by far enough to cover the unlicensed 60-GHz band and other assigned 
mmW bands. 
The radiation patterns in the E- and H-plane were measured in a compact range setup 
in an anechoic chamber. Figure 3.29 and Figure 3.30 show the results in comparison with 
those obtained by simulations. Very good agreement is noticeable and the measured an-
tenna gain of 12.0 dBi differs only marginally from the simulated directivity of 12.6 dBi. 
The side lobe level observed in the H-plane is low, which supports the idea of slab-beam 
focusing by a planar lens. Significant side lobes exist in the E-plane, however. They are 
mainly caused by the slightly radiating slab-mode launcher (about 3 % of the power is 
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Figure 3.29 Simulated and measured H-plane radiation pattern of the slab-mode antenna 
at 12 GHz. 
9 (cleg.) 
Figure 3.30 Simulated and measured E-plane radiation pattern of the slab-mode antenna 
at 12 GHz. 
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radiated to the air side instead of the substrate, see section 2.3). Absorbers could be used 
to suppress them, if necessary. The side lobe to the lower hemisphere is generated by the 
abruptly ending ground plane and can be lowered by an optimized design. A relatively 
small lens was used for the prototype. The antenna gain can be enhanced by a larger, 
optimized lens, which leads to a wider effective aperture in the horizontal dimension. 
The E-plane beam width depends on the vertical extension of the guided wave fields. 
The thinner the dielectric slab, the looser the wave guidance and the larger the effective 
vertical aperture. Similar to the rod antenna discussed in the foregoing section, the gain 
may therefore be increased by tapering the dielectric slab towards the end. An accurate 
theoretical solution for this kind of wedge antenna is available [108]. Applying these 
design optimizations, a scaled 60-GHz version of a slab-mode antenna with 15 dBi gain 
could be smaller than 20 mm x 20 mm. 
3.3.3 Special features 
The developed dielectric slab-mode antenna is well-suited for applications in the 
mmW range because of its low-loss dielectric construction, its wide operating band-
width, and the customizable directivity in a range of about 5 dBi to 20 dBi. In contrast to 
the also very popular Vivaldi antenna, a special version of tapered slot antenna, the dom-
inant electric field component of the slab-mode antenna is oriented perpendicularly to 
the substrate plane. Therefore, and due to the gradual transition to free space, it is capa-
ble of radiating efficiently even from thick high-permittivity substrates. At 60 GHz, for 
example, substrate thicknesses in the range of 0.5 mm are applicable and allow a good 
structural stability, whereas most other types of integrated antennas on high-permittivity 
substrates suffer from the well-known/?<?/d trapping effect [ 109,110]. As a consequence, 
the slab-mode antenna is capable of being integrated with a silicon MMIC on the same 
wafer. It also differs from the Vivaldi antenna in its filtering effect. The necessary CPW 
slab wave launcher is inherently bandwidth limited, whereas the tapered Vivaldi design 
106 
Figure 3.31 Conceptual assembly of a slab-mode antenna and flip-chip mounted 
MMICs. 
is very broad band. In most cases, however, a certain bandwidth limitation is an advan-
tage for filtering undesired received signals. A reasonable antenna gain of about 15 dBi 
- 20 dBi is required for short-haul high-speed communications as projected for the 60-
GHz band for several reasons [111]. Although the aimed distances are quite small, the 
generated power is distributed over a large frequency range or over a large number of car-
riers if OFDM is used as modulation scheme. Since power amplifiers are cost-intensive 
at 60 GHz and battery power is scarce in portable devices, the preferred approach are ef-
ficient high gain antennas. This is further promoted by the high free space path loss and 
because such antennas are small at short wavelengths. More directive radiation also re-
duces the signal delay spread in indoor environments, which in turn lowers interference 
and improves the channel capacity. Another advantage is the antenna's compatibility 
with wire-bonding or with the flip-chip approach [112] for hybrid integration. A con-
ceivable mmW front-end assembly is shown in Figure 3.31, where MMICs are flip-chip 
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mounted on a common substrate for connection to the off-chip slab-mode antenna. In 
this way, the interconnection losses can be kept very small to avoid a degradation of the 
system performance. The large solid vias that form a part of the transition can simulta-
neously be used for RF grounding and heat dissipation from the MMIC. The common 
substrate not only serves as a support for the MMICs and as wave guiding medium in 
the antenna, but can also accommodate other microwave and biasing circuits. By this 
means, planarity is maintained - one of the most important premises for low-cost pro-
cessing. The simple construction of the dielectric slab-mode antenna should allow its 
use up to submillimeter frequencies. 
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CHAPTER 4 
SIIG BENDS AND POWER SPLITTING/COMBINING 
This chapter deals with the feasibility of bends and power splitters or combiners in SIIG 
technology. Although efficient wave guidance along such discontinuities is a general 
problem in conjunction with dielectric waveguide technologies, an alternative approach 
was investigated to ease those drawbacks. 
4.1 SIIG bends 
Electromagnetic waves on dielectric waveguides are unshielded and more loosely 
guided than in metal-based waveguides. As a consequence, radiation occurs at wave-
guide curvatures. Losses due to radiation in bends were studied theoretically [113] and 
experimentally for dielectric rod transmission lines in general [114] and for the image 
guide in particular [115,116]. It was found that the radiation losses decrease with in-
creasing refraction index contrast and radius of curvature. Figure 4.1 shows a 60°-bend 
in SIIG technology on alumina and the respective simulated electrical fields. The bend 
losses are unacceptably high and may lead to severe cross-talk in integrated circuits. It 
is therefore often recommended to maintain a minimum radius of curvature in order to 
keep the losses at an acceptable level. An estimate for the minimum acceptable radius R 
for low permittivity dielectric rod guides is [116] 
R-*g. (4.0 
In (4.1), r0 designates the length over which the field decays by 1/e in a distance of 
the straight guide. This would translate to R « 2.5 mm for the shown alumina SIIG 
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Figure 4.1 60° SIIG bend and simulated electric field. 
at 94 GHz. Practical measurements have shown [116] that at least twice this radius 
is needed to achieve reasonably low radiation levels, even in conjunction with high-
permittivity substrates. Although this option is usually chosen at optical wavelengths, 
resulting bend dimensions in the order of centimeters at mmW frequencies are not prac-
tical for integrated circuits. An approach that allows drastically reduced bend radii in-
volves a laterally varying permittivity of the dielectric waveguide [117]. In the case 
of the SIIG, the effective permittivity in the substrate could be changed by altering the 
air hole radius. However, if a quasi-homogeneous medium is to be created, a very fine 
lattice of air holes would be necessary. This can only be achieved by a very precise 
fabrication technique and it is questionable if a simple waveguide bend is worth such an 
effort. Another option is the use of resonant cavities in the waveguide intersection re-
gions. Such a scenario was theoretically studied in two dimensions for integrated optical 
circuits [118] with very convincing results. The idea was picked up for the design of 
image guide multiplexers [119]. Even though the basic principle was shown to work, a 
considerable amount of radiation still occurs, unless the index contrast is extremely high. 
This situation is comparable to dielectric resonator antennas, where the majority of the 
power is reflected at the dielectric-air interfaces and resonates in the dielectric cavity, but 
a part is intentionally radiated at each wave bounce. Electromagnetic band gap (EBG) 
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regions were also investigated for efficient wave guidance around bends in dielectric 
waveguides, in particular at optical frequencies [61]. However, easy-to-build 2-D EBG 
structures confine the electromagnetic energy in two dimensions only, so that significant 
radiation can still occur in the third dimension for which the guiding effect is based on a 
refractive index contrast. Arising leaky-wave radiation due to the long periodic interval 
in the EBG region was addressed in section 1.4.4. As a conclusion it has to be admitted 
that there is no straightforward solution to the problem of SIIG bends. Techniques to 
reduce radiation at bends to an acceptable level exist but involve high complexity or un-
reasonable dimensions. Preferred applications are those for which linear SIIG sections 
can be used. 
4.2 SIIG Y-junctions 
Although compact SIIG bends with small radius of curvature and low insertion loss 
are very difficult to realize, the situation is different for for Y-junctions that are used 
to split the guided wave power in two branches. If the the opening angle of the output 
branches is chosen small enough, the discontinuity seen by the incoming wave is rather 
small and so is the radiation of curvature [120]. Those components are important for 
symmetrical or asymmetrical power splitting, e. g. in parallel image line array anten-
nas [121]. It was also found that such bifurcations can be used as couplers due to the 
achievable high isolation between the output ports [120]. An example for a symmet-
ric Y-junction is given in Figure 4.2 along with the simulated electrical field. It can be 
observed that the power splitting is achieved with much lower radiation loss compared 
to the sharp SIIG bend in Figure 4.1, although the lattice of air holes is quite coarse. 
An insertion loss of -1 dB was achieved for this example. Applying a finer lattice or a 
combination of larger and smaller air holes can significantly improve the result, because 
the existing discontinuities in the output branches are reduced. 
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Figure 4.2 SIIG Y-junction and simulated electric field. 
4.3 SIIG slab-mode splitter 
The SIIG Y-branch presented in the above section is suitable exclusively for power 
splitting into two branches. If more output channels are required, a direct junction is 
not practical, because it is virtually impossible to mitigate the radiation loss problem. 
A more promising approach is to divide a slab wave. Those techniques also became 
known as 2-D quasi-optical power combining and examples in microstrip [105] and 
coplanar technology [107] are published. The idea of using a planar dielectric slab for 
quasi-optical power splitting/combining has the advantage of low loss and low radiation. 
A surface wave is excited on a grounded dielectric slab (substrate) by a suitable planar 
wave launcher in a directive manner. The wave being emitted from a single point, spreads 
laterally by a certain angle while it propagates in the slab without discontinuities. It is 
then received by an array of opposite wave transitions. The used wave launchers in both 
cases [105,107] provide only narrowband performance and a limited front-to-back ratio. 
Another suitable wideband surface wave launcher is presented in section 3.3, where it is 
used as the feed of a slab-mode antenna. Low return loss in a wide bandwidth and good 
directivity are obtained due to the back-short vias. A rM0-mode surface wave being 
excited in this way propagates in the dielectric slab and can then be divided in several 
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Figure 4.3 E-field visualization of an incoming slab wave that is split into several SIIG 
branches. 
SIIG channels, as shown in Figure 4.3. To do so, however, the wave fronts of the slab 
wave must be straight, at least in the most common case of parallel output lines. To this 
end, the phase of the excited beam with cylindrical wave fronts has to be equalized either 
before or after reception. This requirement can be met by using either meander-shaped 
transmission lines of different length [105] or dielectric lenses embedded in the substrate 
[107]. The former has the disadvantage of being limited to lower microwave frequencies, 
the latter is difficult to manufacture. For this reason, a planar lens laid on top of the 
substrate is employed here for phase equalization, which is equivalent to focusing of the 
propagating wave. The same topology was also used for the dielectric slab-mode antenna 
in section 3.3. The lens effect is based on the differing phase velocities in grounded 
dielectric slabs of varying thickness. The propagation constants j3 of the slab modes 
can efficiently be calculated by the transverse resonance (TR) technique. This method 
uses a transmission line model of the transverse cross section of a uniform waveguide. 
The distinct advantage of the TR method is that boundary conditions at the dielectric 
interfaces can easily be handled as junctions of different transmission lines. Although 
the field distribution or guide attenuation are not directly accessible by this technique, the 
propagation constants (3 of the guided modes are obtained easily by finding the roots of a 
single characteristic equation. In the studied example, a low-permittivity insulation film 
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Figure 4.4 Dielectric slab waveguide and its transverse resonance representation as 
connected transmission lines. 
was inserted between the alumina substrate and the ground plane in order to significantly 
reduce conductor losses in the latter. The resulting 3-layer structure (two dielectric layers 
and the air above) and its transmission line representation are shown in Figure 4.4. 
The separability condition 
P = \/kf ~ k2ci (4.2) 





in the i-th dielectric layer and transverse or cutoff wavenumber 
yK,i + K (4.4) 
(in Cartesian coordinates) in the respective dielectric layer with index i. Equation (4.4) 
reduces to kCyi = kV}i in the case of the layered slab waveguide because of its uniformity 
in x-direction. For a given mode, kC:i is a fixed function of the waveguide geometry. In 
a waveguide, the fields form standing waves in the transverse plane of the guide. This 
situation can be modeled as a resonant transmission line circuit. The resonance condition 
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is 
Z&(y) + Zr(y) = 0 Vy. (4.5) 
Z^(y) and Z^(y) are the input impedances seen at any point y on the resonant transmis-
sion line when looking towards the positive and negative y-direction, respectively. With 
the help of the well-known transmission line impedance equation 
, 7 Z L +jZ 0 t an ( /? / ) An = Z0 — — - , (4.6) 
ZQ + ]ZL tan(/3t) 
the impedance transformed by the transmission lines can be evaluated at an arbitrary 
level y. ZL is the load impedance at the end of the equivalent transmission line and Z0 
refers to its characteristic impedance. Z0 is identical to the wave impedance of the TM 
or TE wave (depending on the considered mode) with transverse propagation constant 
kyi in the respective dielectric layer [83]: 
Z^ = ZTMi = fi^f- forTM-waves, (4.7) 
Z0,t = ZTEi = J—^- for TE-waves . (4.8) 
y Si Kyi 
Due to the considered wave propagation in transverse direction, the propagation constant 
(3 in equation (4.6) has to be replaced by the corresponding kyi. Thus, evaluating the 
resonance condition (4.5) at y = h yields 
y-(h\,y
 ZtnJh + d) + jZ0 | 2 t&n(ky2d) _ 
Z^H) + Z^Z0,2+JZtn(h + d)t,n(ky2d) - ° •
 (4-9) 
The fundamental mode of the grounded layered slab waveguide is the TM0 mode. In 
this case, the TM wave impedances (4.7) are used. Since the slab is grounded on the 
bottom side, the load impedance is a short, i. e. ZL = 0. Impedance Zfn{h + d) is that 
of an infinitely long transmission line representing the air layer. The corresponding 
transverse propagation constant kyS is always purely imaginary and therefore, with (4.6), 
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Z^n(h + d) = —ZTM3- Thus, equation (4.9) yields 
JZTMI tan(kylh) + ZTMI-^ r= :—,. %. = 0 . (4.10) 
ATM2 — JATM3 ia.n.{Ky2CL) 
Applying (4.2), (4.3) and (4.7) results in the final characteristic equation, which allows 
the calculation of (3 by a root-finding algorithm for a given frequency. This TR algorithm 
can easily be extended to more dielectric layers, e. g. if the lens and the substrate are 
made of different materials or if the effects of a potential air gap between them need to 
be analyzed. 
A simulation study was conducted in order to show the feasibility of slab-mode 
power splitting into SIIG branches. Alumina was chosen as high-permittivity substrate 
on a polyethylene insulation film. A substrate height of 381 um on a 35-um thick insu-
lation film is suitable for operation at 94 GHz. Phase equalization of the surface wave 
propagating in the slab waveguide is achieved by a planar 254-um thick alumina lens 
placed directly on top of the substrate. Figure 4.5 shows the normalized wavelengths of 
the fundamental TMQ mode for the alumina substrate only and for combined substrate 
and lens thickness, resulting in d + h = 635 um. The fact that the shorter way through 
the center of the lens accounts for a shorter guided wavelength relative to the longer way 
via the lateral lens regions causes the wave fronts to be straightended, which leads to a 
wide, parallel beam. The mode plot in Figure 4.6 shows all guided modes, namely the 
fundamental TM0 mode and the next higher TEX and TMX modes, for the increased slab 
thickness (substrate and lens) of 635 um. For the given parameters, the cutoff frequency 
of the TMX mode is just below 90 GHz. However, in the 94-GHz-range it is guided so 
loosely that coupling to this mode hardly occurs. In contrast, the TEX mode with electri-
cal field orientation parallel to the substrate is well guided and therefore mode coupling 
is probable at structural discontinuities such as an abrupt change in the substrate thick-
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Figure 4.5 Differing guided wavelengths in the zones with alumina substrate only and 
in those with additional superimposed lens. 
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Figure 4.7 SIIG slab-mode splitter and simulated E-field. 
In a next step, the slab-mode launcher of section 3.3 was combined with a planar 
lens on the substrate in order to achieve straight wave fronts in the grounded slab wave-
guide. It was observed that a single lens is not sufficient to achieve the necessary phase 
equalization. Furthermore, too much power was lost due to lateral radiation of the ex-
cited surface wave. For this reason, a second lens was added to the final design as well 
as recesses on each side of the slab-mode launcher. Finally, the entire SIIG slab-mode 
splitter, as shown in Figure 4.7, was simulated. Since the structure is symmetric, only 
three of the six output ports were evaluated. Results for insertion loss, amplitude distri-
bution and phase equalization are shown in Figures 4.8 and 4.9. In good approximation, 
the insertion loss is equal to the radiation loss, because lossless materials were used in 
the simulation. The ideal, lossless output power for one of six equalized channels would 
be 10 lg g = -7.8 dB. Close to 97 GHz, the output powers are almost balanced at a level 
of -11 dB. Consequentially, the radiation loss reaches about -3 dB, which is relatively 
high. The reflections from the abrupt change of slab thickness at the lens contours is one 
reason. They may be alleviated by a quarter-wave anti-reflection layer, possibly realized 
by a stepped rim. Another reason is the mentioned mode coupling to the TEX mode. A 
gradual taper instead of the abrupt step at the edge of the lens would mitigate this effect. 
In general, thinner lenses can also improve the reflection, radiation, and mode coupling 
behavior, but the focal distance then becomes very long. The phase curves in Figure 4.9 
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Figure 4.8 Amplitude distribution at the output ports of the SIIG slab-mode splitter. 
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Figure 4.9 Phase conditions at the output ports of the SIIG slab-mode splitter. 
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indicate that the phase equalization by the pair of lenses is effective. Only the outermost 
channels lag behind by roughly 90°. The outputs do not necessarily have to be SIIG 
lines. The wave power can also be received by an array of slab-mode launchers, such as 
the one that is used at the input. This leads to a more compact design and provides CPW 
outputs to which mmW amplifiers can be connected. In this way it is possible to achieve 
simple but efficient planar power combining, comparable to [105,107]. 
Generally speaking, this study has identified a possible way to accomplish power 
splitting or combining by use of a low-loss dielectric slab waveguide and SIIG output 
branches. A multitude of parameters still need to be optimized for improved perfor-
mance. The demonstrated splitter/combiner can also be used for integrated dielectric 
antenna arrays or planar quasi-optical power combining at very high frequencies. Very 
low conductor loss and the inherent isolation of the output lines are convincing advan-
tages compared to other techniques. 
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CHAPTER 5 
THE SHG IN THE CONTEXT OF SUBSTRATE INTEGRATED CIRCUITS 
In this chapter, the SIIG is put into context with other integrated waveguide technologies, 
such as the CPW, the substrate integrated waveguide (SIW), and the substrate integrated 
non-radiative dielectric guide (SINRD). The different technologies' characteristics are 
compared and the feasibility of interconnections is demonstrated. Their hybrid integra-
tion and interconnection in substrate integrated circuits (SICs) is discussed and an active 
60-GHz front-end is realized. 
5.1 Comparison of substrate integrated waveguide technologies 
The most popular embedded structure of an originally non-planar waveguide is the 
SIW. It consists of two rows of metallized vias in a dielectric substrate that is metal-clad 
on both sides [122]. The basic structure is shown in Figure 5.1, besides the SINRD [22] 
and the SIIG. Both, SINRD and SIIG, do not possess metallic side walls like the shielded 
Top shielding 
Ground plane Waveguide channel 
SIW 
Substrate Perforated substrate 




Substrate Perforated substrate 
material (homog. modeled) 
er2 Sr2 _ i _ 
Guiding channel 
SINRD 
G r o u n d p l a n e G^Sglh'annel l n ^ l a t i o " 
film (c,») 
SIIG 
Figure 5.1 Substrate integrated waveguide structures, each with its respective equivalent 
model. 
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SIW. Wave guidance is achieved by substrate perforation which creates dielectric regions 
of different effective permittivity. As explained in the first chapter, the SIIG is a true 
surface wave guide, whereas the SINRD's mode of operation needs to be differentiated. 
Its first propagating TEM mode is actually similar to a parallel-plate mode which has no 
cutoff frequency. However, the SINRD is not operated in this mode due to the potential 
lateral leakage or radiation. The preferred mode is the LSMW mode which has lower 
loss and does not radiate. Here, the guidance effect is achieved by a cut-off behavior 
in the adjacent zones of lower permittivity. The coexistent LSE10 mode constitutes an 
inconvenience because mode coupling can occur at discontinuities. 
In the following, the different integrated waveguide structures are compared with 
each other and with traditionally used microstrip and CPW lines at a common bench-
mark frequency of 94 GHz. The same materials are used for all waveguides, i. e. high 
resistivity silicon (10 kfi-cm), with er = 11.7 and tan<5 = 7-10"
4, and gold metallization 
with a = 4.1-10"7 S/m. Simulations of the attenuation of microstrip and CPW are dif-
ficult to perform without specialized simulation tools that adequately take into account 
the skin effect as well as field singularities. For this reason, measured values at lower 
frequencies [123] were taken as a basis and extrapolated to 94 GHz. Depending on the 
specific dimensions, a lower loss bound of at least 200 dB/m can be observed. This 
value can be much worse, if well-known problems like free surface charges or excitation 
of surface waves occur. 
Wave guidance in the SIW is comparable to a conventional hollow metal waveguide, 
even though the overall guide attenuation is higher due to the dielectric filling and the 
consequential smaller cross section. Wave attenuation is calculated by a perturbation 
method [56] and the use of the respective equivalent model in Figure 5.1. The attenuation 
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constant due to dielectric losses ad for the TElQ mode yields 
y/E^k0 tan S 
Qd= i (5 .1) 
with the cutoff frequency fc and the dielectric loss tangent tan<5. This means that atten-
uation due to dielectric dissipation is independent from the waveguide height. Circum-
stances are different for the conductive attenuation constant ar: 
2R 
<*c= , ' a < — k + - T . (5-2) 
where Rs = y
1 ^ depicts the surface resistivity of the metallic waveguide walls. The 
waveguide width a is chosen for the desired single-mode frequency range, but its height 
b can be varied freely without changing the phase constant (3. It can be noticed in equa-
tion (5.2) that conductor losses rapidly rise with decreasing b. In fact, for b <C a, ac is 
nearly inversely proportional to b. The transmission line Q-factor is inversely propor-
tional to the total attenuation constant a = aa + ac, as shown in equation (1.5). Con-
sequently, the SIW height has a significant influence on the achievable quality factor in 
SIW components, in particular at high frequencies. For the attenuation loss compari-
son, width and height of the silicon SIW were chosen 735 urn x 368 um so that lowest 
conductor losses are achieved at a maximum TEl0 single-mode bandwidth. No field sin-
gularities exist in the SIW and currents flowing on the conductor walls are much better 
distributed compared to microstrip or CPW. Simulation results are shown in Figure 5.2. 
The obtained attenuation of 55 dB/m at 94 GHz should be seen as a lower bound due 
to the use of the equivalent model and the unconsidered surface roughness. However, 
measurements on fabricated SIWs have shown that the attenuation obtained in practice 
is only slightly higher. The dispersion behavior of the SIW is very similar to that of a 
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Figure 5.2 Guide attenuation of substrate integrated waveguide structures in their usable 
operation frequency range. 
Attenuation properties of the SINRD were analyzed in an analogous manner. The 
core dimensions of the SINRD were 762 urn x 600 urn (width x height) with an ef-
fective relative permittivity er2 = 4.5 in the perforated zones in order to maintain the 
non-radiating feature around 94 GHz. This automatically implicates operation close to 
the LSMI0 cutoff, causing relatively high and frequency-dependent attenuation around 
100 dB/m as well as strong dispersion, as shown in Figure 5.2 and Figure 5.3. 
Conductor losses in the SIIG only occur in the ground plane. Example simulations 
were carried out with core dimensions of 508 urn x 381 um (width x height) and with a 
30-um polyethylene insulation film (er - 2.3, tan£ = 0.001). On the basis of these num-
bers, the simulated attenuation accounts to 35 dB/m around 94 GHz, which corresponds 
to a transmission line Q-factor of about 900. As shown in Figure 5.3, the SIIG's gradient 
of the dispersion curve is relatively small and constant. Figure 5.4 shows the total atten-
uation split into a dielectric part and a conductor part. Conductor losses are clearly lower 
than losses by dielectric dissipation. Increasing the insulation film thickness further im-
proves this property, thus making the SIIG a promising sub-millimeter waveguide. A 
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recapitulating comparison of the propagation characteristics of the various synthesized 
waveguides on silicon substrate is given in Table 5.1. 
5.2 Compatibility between SIW and SIIG 
The desired operating frequency range of the SIIG dictates the substrate thickness, 
whereas the single-mode range of the SIW is only determined by its width. Therefore, 
in order to accommodate both on one electrically thick substrate, the SIW has to be 
adapted to these conditions. As a positive side effect, the mechanical stability increases 
and conductor losses decrease. Round metallized via holes are traditionally used to cre-
ate the electric side walls of the SIW. Those holes are easily mechanically drilled into 
machinable materials. However, requirements for minimum return and leakage losses 
force the hole diameter to become very small at frequencies in the upper mmW or sub-
millimeter-wave spectrum. This is especially true for high-permittivity materials like 
ceramics, semiconductors, or sapphire, which are often used because of their outstand-
ing low-loss performance. Mechanical drilling of those materials is not feasible and 
therefore other micro-machining techniques such as laser perforation or wet/dry etching 
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Figure 5.5 New SIW via slot configurations with (a) short slots and (b) long slots for 
operation below the first stop band or between the first and second stop bands, respec-
tively. 
are employed. Since those techniques are amenable to arbitrarily shaped perforations, 
the limitation to circular vias is not justified any more. Rectangular slots were found to 
be advantageous for lower leakage and better definition of the SIW side walls. Rounded 
corners increase the overall mechanical stability, allow for better metallization, and often 
cannot be totally avoided in the fabrication process (e. g. due to the finite diameter of the 
laser beam). Larger via dimensions that can be chosen in this way simplify fabrication, 
especially at very high frequencies in combination with electrically thick substrates in 
the range of A/4 or more, where the aspect ratio (via depth versus diameter) is high. 
Figure 5.5 shows two different slot configurations, one with short slots for waveguide 
operation below the SIWs first stop band and another with long slots for operation be-
tween the first and second stop bands. Those stop bands or electromagnetic band gaps 
are unavoidable in periodic structures and occur due to distributed Bragg reflection in 
the vicinity of frequencies where the periodic spacing p is equal to a multiple of half a 
guided wavelength. 
The wall thickness t between the slots plays an important role for the leakage rate. 
These inter-slot regions can be seen as waveguide sections below cut-off, in which the 
evanescent fields decay exponentially. Compared to cylindrical vias, t can be much 
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Figure 5.6 Comparison of leakage between an SIW with round vias and long via slots. 
The spacing between the holes is the same as that of the slots, t = 300 jam, and the hole 
diameter corresponds to the slot width. 
advantage at mmW and sub-mmW frequencies, where feature sizes become extremely 
small. Figure 5.6 illustrates the difference in leakage level between an SIW with round 
vias and another with long slots. The leakage level is significantly higher in the case of 
round via holes, although the spacing t is equal. Moreover, the phase constant of an SIW 
consisting of long slots has a phase constant which is in much closer agreement with 
that of a uniform waveguide, as shown in Figure 5.7. This improved side wall definition 
potentially eases component design. 
The slot interruptions constitute discontinuities in the substrate integrated waveguide 
channel and therefore cause reflections, if an SIW section is connected to a uniform 
waveguide (i. e. with continuous side walls and the same width a. The reflection level 
generally rises with increasing t and r. However, an SIW section can be regarded as 
uniform transmission line section with its own characteristic impedance. The charac-
teristic impedance of periodic structures is also called the Bloch impedance by analogy 
with quantum-mechanical electron waves that may propagate through a periodic crystal 
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Figure 5.7 Comparison of the normalized phase constant of different SIW configura-
tions of the same width a. 
the unit cell are uniquely defined. Once the Bloch impedance is determined, standard 
matching techniques are available for optimized connection to uniform waveguides. 
The Bloch impedance ZB of an SIW was calculated from the simulated S-parameters 
Sij of a single, symmetric SIW unit cell with terminal planes defined at the slot centers. 
A direct relation between ZB and Z0, the characteristic impedance of the connected 
uniform waveguide of equal width a, exists. It can be derived from the S-matrix of a 
lossless transmission line 




which is then renormalized from ZB to Z0 [125]: 
sUo = (s|zB + ri)(i + rsuB (5.4) 
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where T is the reflection factor defined by 
r = | ^ # . (5.5) 
ZB + ZQ 
Reorganizing the linear equation system (5.4) yields the S-parameters normalized to ZQ 
1 - exp(-j2/?0 
S\l\z0 = S22\Z0 — T l - r 2 e x p ( - j 2 / ? / ) 
sn\z0 = s21\Zo = e x p ( - J ^ ) 1 _ r 2
1
e x p ^ . w , (5.6) 
It is then possible obtain the wanted Bloch impedance from 
ZB — ZQ 
(an + S21 + l)(an - S21 + 1) 
\ (Sn + S2\ - l)(Sn - S2l - I ' 
(5.7) 
where all ŝ - are normalized to Z0. The dimensions as defined in Figure 5.5(b) were 
chosen a = 1300 um, p - 1800 urn, t = 300 urn, w = 380 um, and r = 50 um for an exam-
ple SIW in silicon substrate ier = 11.7). A plot of the Bloch impedance over frequency 
is shown in Figure 5.8 in comparison to the characteristic impedance of a uniform, sil-
icon filled waveguide with equal width a (curve X = 0) and with reduced width a-X 
(curve X = 92 um). The ranges where the Bloch impedance is purely imaginary depict 
the stop bands. Perfect impedance matching between the uniform waveguide and the 
periodic SIW can only be achieved at particular frequencies. However, good match-
ing in most of the frequency range between the two stop bands is possible by a simple 
adjustment of the width. 
An SIW section consisting of eight long via slots (configuration Figure 5.5(b)) with 
dimensional parameters as specified above was analyzed. Figure 5.9 shows the sim-
ulated return loss that arises if uniform waveguides of equal width a are connected 
to the SIW section at both ends, whereas the connection to slightly narrower wave-
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Figure 5.8 Calculated Bloch impedance of the given SIW in comparison with the char-
acteristic impedance of uniform, dielectric-filled waveguides with equal width a and 
reduced width a-X. 
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Figure 5.9 Simulated return loss for the unmatched case (X - 0) and for improved Bloch 
impedance matching (X = 92 um). 
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impedance deviation shown in Figure 5.8. As mentioned before, the terminal planes for 
connection to the uniform waveguides must be strictly maintained. Also observable in 
Figure 5.8, the Bloch impedance of an SIW that is operated below the first stop band 
is lower than that of a uniform waveguide of equal width. In this case, the waveguide 
width must be increased for improved matching. 
The reflection level increases with rising t and/or r, which may be inevitable at higher 
frequencies due to structural stability and fabrication requirements. In particular, con-
structive interference of the reflected waves can cause more serious side-effects than 
initially considered. Single passive components are frequently modeled with wave ports 
at the input and output. Those ports represent uniform waveguides of infinite length and 
suboptimal matching can cause deteriorations of the accuracy when the component is 
connected directly to another SIW later. This is especially true for circuit simulations 
containing a multitude of SIW components, since the error accumulates. For this reason, 
the above matching technique should be applied if the interruptions in the side walls of 
an SIW cause a significant alteration of the characteristic Bloch impedance of the pe-
riodic structure in comparison to a uniform waveguide without side wall gaps. It was 
shown that a simple shift of the waveguide width yields considerable improvements in a 
broad frequency band. 
Other than the SIW, compatibility between the SINRD and the SIIG is much more 
difficult to achieve. The reason is that both guiding structures depend on specific sub-
strate thicknesses to operate them in the desired frequency range. At equal frequency, 
the SINRD generally requires a thicker substrate than the SIIG, which can also be seen 
in section 5.1. In the given example on a silicon substrate, the SINRD has a thickness 
of 600 urn, whereas the SIIG is 381 urn thick at equal operating frequency. Another 
obstacle is the field orientation of the LSMW mode, which is perpendicular to that of the 
SIIG's and SIW's fundamental modes. 
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5.3 Interconnection of planar and non-planar waveguides 
5.3.1 Transition between CPW and SIW 
Transitions from CPW to SIW are interesting because they allow interfacing of 
MMICs with the SIW on arbitrarily thick substrates. Due to its low-loss properties, the 
SIW is suitable for filters, resonators, and other passive devices that require a high qual-
ity factor. By means of two consecutive transitions, one from SIW to CPW and another 
from CPW to SIIG, the SFW and the SIIG can be interfaced on a common substrate. It is 
then possible to insert an MMIC in the connecting CPW section, e. g. between an SIIG 
antenna and an SIW filter. A CPW-SIIG transition is presented in section 2.3. Accom-
modation of both, SIIG and SIW, on the same substrate requires the SIW to be adapted 
for electrically thick high permittivity substrates, as described in section 5.2. In addition, 
SIW components with higher Q-factor are feasible on thicker substrates as justified in 
section 5.1. What is missing is a suitable transition from CPW to SIW. Such transitions 
were already demonstrated by Deslandes and Wu on substrates of low permittivity. One 
transition that uses a slot dipole is narrowband and the overall performance is moderate 
due to radiation losses [126]. Another transition using a via connection to ground [127] 
provides good performance in a broad bandwidth. However, it requires a metallized via 
hole of very small diameter (0.4 mm at 28 GHz) to which the design is very sensitive. 
This diameter scales down with increasing operating frequency and substrate permittiv-
ity, so that fabrication in those cases is virtually impossible. 
For these reasons, a novel transition was developed which does not posses the draw-
backs of the former designs. A CAD model is shown in Figure 5.10. It makes use of 
a slot dipole for coupling, but the radiation problem described in [126] does not play a 
significant role in the present design, because the increased substrate permittivity forces 
nearly all of the power to be radiated or coupled to the substrate region. Only a very 
small fraction of approximately £~3//2 is radiated to the air side [85], where er is the 
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Figure 5.10 Proposed CPW-SIW transition. 
relative permittivity of the substrate. The SIW is enlarged at the beginning to allow the 
coupling dipole to be placed on top of the substrate. This enlarged section acts as a 
cavity resonator which is strongly coupled to the SIW on one side and to the slot dipole 
on the other. A high coupling coefficient and a low loaded Q-factor is the consequence, 
which in turn leads to a broad operating bandwidth. The cavitys length determines the 
frequency range of the transition and the position, width, and length of the coupling 
dipole have to be optimized for wideband matching. 
The transition was designed with CST-MWS and results are confirmed by HFSS, 
two 3-D simulation tools that are based on totally different numerical methods. CPW 
and SIW dimensions are chosen for the desired impedance, probe pitch and frequency 
range. Several other mutually influencing dimensional parameters have to be optimized 
iteratively. The dimensions of a transition for 50 GHz on 381-urn-thick alumina substrate 
(er — 9.7) are shown in Figure 5.11. This transition provides a return loss of less than 
-20 dB within a bandwidth of over 30 %. Radiation losses amount to less than -0.15 dB 
insertion loss in the model without material losses. It was found that thicker substrates 
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Figure 5.11 Dimensions (in urn) of the developed CPW-SIW transition. 
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Figure 5.12 Simulation and measurement results for the back-to-back SIW transition. 
A back-to-back arrangement of two transitions was fabricated by laser-cutting and 
subsequent sputtering to cover all surfaces, including the via walls, with a 2 urn thick 
layer of gold. The slot dipoles were engraved by a photolithographic etching process. 
CPW probe measurements were carried out on the prototype. Simulated and measured 
S-parameters for the back-to-back transition including a 4 mm long SIW section are 
shown in Figure 5.12. The expected insertion loss is less than -0.8 dB, when radiation 
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and material losses are taken into account. The measured insertion loss ranges between 
-1.0 dB and -1.2 dB. That difference between theory and practice results from underes-
timated conductor losses in the CPW feed lines which amount to about 0.2 dB for each 
of the 2 mm long sections. In later applications, such losses can be reduced by using 
shorter CPW lines for connection to an MMIC closer to the slot dipole. The measured 
return loss is below -15 dB from 39 GHz to 59 GHz, corresponding to an entire metal 
waveguide bandwidth of 40 %. 
5.3.2 Direct transition between SIW and SIIG 
As mentioned in the above section, the SIW and the SIIG can be interfaced with each 
other by two back-to-back CPW transitions. This is a good solution if an active device or 
MMIC has to be inserted in the connection between the dissimilar waveguide structures. 
However, a direct connection may be desired to reduce the overall insertion losses. Two 
geometries were studied to achieve that goal. The first employs a planar sector-horn 
structure in the style of the transition in section 2.2, which gradually widens the SrW in 
order to match the more loosely guided fields in the SIIG. It is shown in Figure 5.13(a). 
For simplicity, an equivalent SIIG model was used in the simulation. As other parts of 
the STW, the side walls of the sector-horn can be realized by metallized vias. It was 
found that not only the horn is critical for low radiation and insertion loss, but also the 
shape of the metallization on top of the substrate. Best results were obtained by the 
profile in Figure 5.13(a). FEM-based simulation results by HFSS for that topology are 
given in Figure 5.14. Based on those simulations, the transition can be used in a very 
wide bandwidth with an average insertion loss by radiation of -0.6 dB. The return loss 
is better than -20 dB in most parts, but a weak resonance can be observed at 97.5 GHz. 
Careful design is necessary to avoid such resonances in the pass band. 
Another type of SrW-SIIG-transition is shown in Figure 5.13(b). The design is sim-
ilar to the CPW-SIIG-transition presented in section 2.3 and is based on resonant cou-
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Figure 5.15 S-parameters for the patch resonator based SIW-SIIG-transition. 
pling. A low-Q parallel plate resonator is formed by a patch on top of the substrate and 
the ground plane on the bottom. Instead of the CPW coupling dipole, the electromag-
netic wave is fed to the resonator directly by the SIW. The matching can be adjusted by 
changing the SIW width, either smoothly or by a stepped impedance transformer. Other 
parts of the transition are explained in more detail in section 2.3. Figure 5.15 shows the 
S-parameters simulated by the time domain solver of CST-MWS. This kind of transition 
can be used in a relative bandwidth of about 20 % to 25 % with low return and insertion 
loss. Advantages of this design over the sector-horn transition are the lower radiation 
loss of only -0.2 dB in a limited frequency range and potentially simpler fabrication. 
5.4 Hybrid SIW-CPW forward couplers 
Directional couplers are fundamental components in most microwave and mmW sys-
tems. With a multitude of applications moving to mmW and terahertz frequencies, novel 
hybrid coupling structures can overcome the loss limitations of standard planar tech-
nologies and still be integrable in a cost-effective way. In this context, couplers based 
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Figure 5.16 Studied hybrid coupling structure comprising a substrate integrated wave-
guide (SIW) and a coplanar waveguide (CPW) on top. 
attenuation losses and thus improve system performance. Such couplers are particu-
larly interesting for concatenated structures with relatively large dimensions, used for 
example in antenna feeding networks [128] or six-ports [129,130]. However, the SIW 
and SIIG are not directly compatible with active devices or MMICs, so that additional 
transitions to planar transmission lines like microstrip or CPW are indispensable. In 
many cases, it would be desirable to combine the transition with the coupling function 
in a hybrid way to simplify the topology and to reduce losses and required space. Such 
an approach could also be interesting for distributed amplifiers and other applications 
which are briefly discussed at the end of this section. Figure 5.16 shows the studied hy-
brid coupling structure, which is equivalent to the laterally bounded conductor-backed 
CPW. It consists of an SIW formed by parallel rows of metallized vias and a CPW being 
part of the upper SIW broad wall. The electromagnetic fields of the CPW mode and the 
TE]0 waveguide mode overlap so that coupling occurs between the dissimilar integrated 
guides. Several publications have treated the suppression of undesired power leakage or 
coupling to other modes in the conductor-backed CPW [131-135]. This is most effec-
tively done by placing the lateral walls close to the CPW in order to increase the cutoff 
frequency of the unintentionally created waveguide channel [132,134,135]. By con-
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trast, the topology studied here deliberately makes use of the mode-to-mode coupling 
effect and therefore the distance between the rows of vias is such that the dominant TEi0 
waveguide mode can propagate in the desired operating frequency range but all higher 
waveguide modes are attenuated. 
5.4.1 Normal-mode and coupled-mode analysis 
To simplify the analysis of mode coupling in the described structure, a uniform sec-
tion is assumed, i. e. the rows of metallized via holes of the structure in Figure 5.16 are 
replaced by continuous conducting side walls. In practice, this does not lead to restric-
tions, because the actual SIW with periodic vias can be modeled very accurately by a 
dielectric-filled rectangular waveguide. The width of this equivalent waveguide needs to 
be slightly broadened in order to match the propagation constant of the actual SIW in a 
wide frequency range [136]. It is important, however, to point out that a certain group 
of modes, such as TM modes, cannot be guided along the actual SIW structure because 
of the discontinuous side walls along which current flow is impossible. The normal 
modes of this composite CPW-SIW topology, i. e. the modes of the coupled system, are 
solutions of the wave equation. As such, those modes obey orthogonality relations and 
therefore no mode coupling occurs as long as uniformity in the direction of wave prop-
agation is maintained. With the dimensions given in Table 5.2 and alumina (er = 9.7) as 
substrate material, only the first two even modes (magnetic center wall) and the odd cou-
pled slotline mode can propagate. The latter is not suppressed, because the lateral walls 
are distant from the CPW. However, the slotline mode can be avoided by maintaining 
structural as well as excitation symmetry or by using air bridges. 
The electric field distributions of the propagating modes in the transversal plane was 
simulated with CST-MWS and results are shown in Figure 5.17 for different frequencies. 
It may be noticed that the first mode resembles the uncoupled CPW mode and the second 
mode resembles the TEm waveguide mode at low frequencies, whereas the situation is 
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Figure 5.17 Electric field distribution of the two lowest order normal modes in the cross 
section of the SIW-CPW coupling structure at various frequencies. 
reversed at high frequencies. This interesting property reflects in the propagation con-
stant of the normal modes compared to the modes of the uncoupled (isolated) guides. 
The isolated CPW mode was analyzed by moving the SrWs side walls close enough to-
gether so that the TE]0 mode does not propagate any more. Correspondingly, the phase 
constant of the uncoupled TEl0 mode of the closed SIW (without CPW on top) can either 
be simulated or calculated by available analytical expressions. In Figure 5.18, the phase 
constants of all four modes are plotted over frequency. The phase constant of the first 
normal mode, being close to that of the isolated CPW at low frequencies, asymptotically 
approaches the isolated TEm mode towards high frequencies. The contrary is true for the 
second normal mode, which confirms the above observation of "mode conversion". The 
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Figure 5.18 Phase constants of the isolated CPW and TElQ modes and of the normal 
modes in the coupled waveguide structure. 
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Figure 5.19 Transverse electric vector field of the first (top) and second normal mode 
(below) at 50 GHz. 
ure 5.19. For a given field orientation in the CPW region, the field orientation of the two 
modes is antipodal in the SIW region. The superposition of these modes corresponds to 
the well-known odd- and even-mode analysis, commonly used for symmetrical couplers 
with waveguides placed side by side instead of on top of each other. Power transfer 
from the CPW to the SIW or vice versa can be explained by a simultaneous propagation 
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of the superposed normal modes. Due to their differing phase velocity, a part of the 
guided power oscillates between the CPW and the SIW while the power of each of the 
normal modes remains constant. An unequal phase velocity of these modes is crucial 
for the forward coupling mechanism, whereas it is detrimental for backward coupling. 
Ordinary backward couplers, such as parallel line hybrids, rely on differing odd- and 
even-mode impedances and unequal phase velocities have the negative effect of a de-
crease in the isolation level. Forward couplers, on the other hand, should match the odd-
and even-mode impedances at the beginning and end of the coupling section to eliminate 
the backward coupling and to achieve a high isolation [137]. The length L of maximum 
power transfer over which the two normal modes accumulate a phase difference of 180° 
is readily calculated for the uniform coupling structure by 
L = . * , , (5.8) 
Pi-fo 
where Pi and /32 are the phase constants of the first and second normal mode, respec-
tively. 
Other than the normal-mode analysis, the coupled-mode theory describes the interac-
tion of coupled guided waves from the viewpoint of the modes existing in the uncoupled 
waveguides. An expansion of the electromagnetic fields of a coupled system in terms 
of the modes of an uncoupled system leads to a set of generalized telegraphist's equa-
tions [138], which are equivalent to the coupled mode equations. Maxwell's equations 
are represented accurately by a complete set of those coupled-mode equations. In prac-
tice, however, only a limited number of modes are considered and therefore the coupled-
mode theory remains an approximate, but usually precise mathematical description of 
the wave propagation in a coupled sytem. The differential equations for two loosely 
coupled modes (only the dominant modes of the involved waveguides are considered), 
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= - (7i + «n) Ex + K12E2 (5.9) 
= « 2 i £ i - (72 + K22) E2 , (5.10) 
In (5.9) and (5.10), Eiy2 represent the complex normalized wave amplitudes on lines 1 
and 2, so that \E\2 is equal to the normalized guided power. 7ij2 are the propagation 
constants of the uncoupled guides 1 and 2, and K,mn are coupling coefficients between 
lines m and n. Assuming loose coupling, KU and K22 can be neglected. 
ttn ~ 0 ; K22 ~ 0 , (5.11) 
Both coupling coefficients, K12 and n2i, are equal if reciprocity is guaranteed (involved 
materials may be anisotropic, but the permittivity and permeability tensors must be sym-
metric). Limiting the interest to the lossless case here, ni2, «21, and the propagation 
constants 7ii2 are purely imaginary and thus it is convenient to make the following sub-
stitutions 
«12 = «21 = JK (5-12) 
71,2 = jPi,2, (5-13) 







According to the classic theory [139], complete power transfer from one guide to 
the other is possible in the symmetric case only, i.e. if (3\ - (32. The investigated 
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CPW-SIW coupling structure is asymmetric, however, except for the frequency where 
PCPW = Psiw, at about 50 GHz. In the following, the notation Pi = PCPW and P2 - Psiw 
is used. In the asymmetric case, the solution of differential equations (5.14) and (5.15) 
for the amplitude E2 on the unexcited, coupled waveguide (i?i = 1, E2 - 0 at z = 0) 
is [139]: 
E2 = exp -J\K + 
(P1 + P2) 
- ^ 2 > (5.16) 








The second term of (5.17) reflects the sinusoidal power oscillation over the coupling 
length z between the two isolated modes. The coupled power is maximum if the argu-
ment of the sine function is 7i72 or an odd multiple thereof. By using the result for L 
from (5.8), the coupling coefficient is then calculated by 
K 
W ( i ) - < * - * > • • 
(5.18) 
In the next step, the first term of (5.17) is evaluated to find the maximum transferred 
power at z = L: 
\Eo\z = |£oT = 1 
4K2 I 
(5.19) 
The coupling length L for maximum power transfer and the coupling coefficient K are 
plotted over frequency in Figure 5.20. The frequency-dependent maximum power trans-
fer ratio and level are shown in Figure 5.21, in which 1 or 0 dB relates to a complete 
power transfer from one guide to the other. With all these variables known, equation 
(5.16) for the complex wave amplitude E2 on the coupled guide is entirely determined 
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Figure 5.21 Maximum power transfer ratio and level over frequency. 
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tude Ex on the excited guide is [139]: 
Ei = exp -J K 
with the transfer factor 
E{ cos 
' (A-f t ) 2 , ..2 
(A - ft) i 
2K Kih-fc) 
(ft + ftV 
and in the lossless case simply 
sin 
4K 2 + 1 
£* 
'(ft - f t ) 2 
(5.20) 
(5.21) 
I Ei = 1 — j&2 (5.22) 
It should be kept in mind that this coupled-mode theory is based on the assumption of 
loose coupling. Any theory assuming the idea of "one and only one isolated mode is 
excited on one guide" in the case of tightly coupled guides is a misconception and can 
therefore lead to erroneous results. 
Results obtained separately by normal-mode analysis and coupled-mode theory were 
compared in [140] for asymmetric dielectric couplers and showed a very good agree-
ment. Here, both methods are combined, i. e. the result of (5.8) for the length L of 
maximum power transfer is used in the coupled-mode theory. This is done to avoid 
the often difficult calculation of the coupling coefficient K by a field overlap integral, 
which requires a prior knowledge of the transversal fields. In this way, only the four 
phase constants of the two isolated modes and the two normal modes of the coupling 
structure have to be known in order to assess the complete coupling behavior. In com-
parison to the guided wave fields, phase constants are much easier to obtain by ana-
lytical expressions (waveguide mode), empirical formulas, conformal mapping (CPW), 
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or by specialized efficient numerical methods. For the sake of simplicity, only uniform 
coupling sections were studied here. By applying available theory on tapered coupling 
structures [141,142], the analysis can easily be extended. In a real coupler made of lossy 
materials, the attenuation constants a\ and a2 of the coupled waveguides do not vanish. 
If ai = «2 = ot, an additional factor e~az has to be added in (5.16), corresponding to an 
exponential decay of the wave amplitudes. Additional complexity is introduced if ot\ and 
a2 are significantly different [139]. Realistic values for the wave attenuation in the CPW 
and SIW on alumina substrate at 50 GHz are in the range of 100 dB/m and 25 dB/m, 
respectively. This translates into a relative attenuation difference \ax — a2\/n ~ 0.05 for 
the given structure, which is small enough to be neglected. 
5.4.2 Design considerations for 3-dB and 0-dB couplers 
Two SIW-CPW couplers with coupling levels of 3 dB and 0 dB (= total power trans-
fer) were designed, based on the cross-sectional dimensions of Table 5.2 and alumina 
substrate. After evaluating the phase constants of the four modes in Figure 5.18 by nu-
merical simulations or analytical expressions, the required lengths of the coupling sec-
tions were calculated by (5.8) at 50 GHz, yielding 4.95 mm and 9.75 mm, respectively. 
The required length for a 3-dB coupler is slightly more than half the length of maximum 
power transfer to account for a small admissible amplitude imbalance. 
Figure 5.22 and Figure 5.23 show a comparison of results obtained by this theory and 
by simulation of the entire three-dimensional (3-D) structure with CST-MWS. In order 
to excite the uncoupled modes in the simulation, lumped ports were used for the CPW, 
and the SIW was extended on both sides for an excitation with wave ports. Small dis-
crepancies can be explained by numerical inaccuracies and also by reflections generated 
at discontinuities introduced by the abrupt beginning and end of the CPW section. Nev-
ertheless, the agreement is very good and confirms the validity of the provided theory. 
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Figure 5.22 Comparison of calculated and simulated insertion losses of the lossless 
3-dB coupler. 
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Figure 5.23 Comparison of calculated and simulated insertion losses of the lossless 
0-dB coupler. 
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Figure 5.24 Coupled power as a function coupling length at various frequencies. 3-dB 
coupling is achieved in a wide bandwidth of more than 25 %. 
The 3-dB coupler has a very wide relative bandwidth of 25 % at less than 0.5 dB 
amplitude imbalance, which is a consequence of the asymmetric coupling structure. As 
can be seen in Figure 5.20, the length of maximum power transfer is longest at 50 GHz, 
the frequency where the phase constants of the uncoupled guides are equal and the phase 
constants of the normal modes in the coupled system have minimum difference. At the 
same time, the maximum exchanged power is highest at this frequency and declines to-
wards higher or lower frequencies, as shown in Figure 5.21. Therefore, similar to the 
asymmetric coupler in [140], a compensation between the coupling length and the power 
transfer level takes place, which leads to a wide achievable bandwidth. This effect is il-
lustrated by the curves in Figure 5.24. It also shows that a wideband operation is possible 
at lower coupling levels. However, such a wide bandwidth does not appear as a matter 
of principle, but certain parameters must be optimized. This is especially true for the 
coupling strength between the CPW and the SIW. For the given structure, the coupling 
coefficient is particularly dependent on the CPW slot width s and the SIW or substrate 
height d. The influence of the latter was investigated by calculating the coupler response 
for three different values of d, but otherwise unchanged dimensions. Simulated phase 
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Figure 5.25 Phase constants of the first two normal modes with the SIW height J as a 
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Figure 5.26 Length L for maximum power transfer with d as a parameter. 
constants of the normal modes are shown in Figure 5.25. It can be observed that the 
difference /5i — fa is greater for stronger coupling or decreased SIW height, which trans-
lates into a shorter length L of maximum power transfer. Corresponding curves for L 
at different values of d are shown Figure 5.26. Figure 5.27 shows coupling levels over 
frequency for the 3-dB coupler and the 0-dB coupler and with the SIW height as a param-
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Frequency (GHz) 
Figure 5.27 Coupling levels of the 3-dB and 0-dB couplers with the SIW height J as a 
parameter. The coupling strength increases with decreasing d. 
eter. At d = 127 urn, complete power transfer is achieved for L = 6.2 mm at 52.9 GHz. 
The frequency where complete power transfer can occur shifts for varying d, because 
the substrate thickness has an impact on the phase constant of the uncoupled CPW and 
therefore causes a shift of the crossing point of the isolated modes' phase constants. Also 
shown in Figure 5.27 is the effect of the coupling strength on the bandwidth of the 0-dB 
coupler: the stronger the coupling, the wider the bandwidth of nearly complete power 
transfer. For a coupling level of at least -0.2 dB (95 %), the achievable bandwidth is 
12.7 % for d = 127 um, 7 % for d = 381 urn, and 5 % for d = 635 um. This means 
that wideband transitions between CPW and SIW can be designed, if strong coupling 
is guaranteed, which also promotes lower insertion losses as a result of the shorter cou-
pling length. Concerning the 3-dB coupler, maximally flat amplitude balance is achieved 
for a certain coupling strength. An SIW height of d = 381 um is close to an optimum 
for the given coupler. It is for this reason that such a wide bandwidth was obtained in 
prior simulations. Greater design flexibility is possible, if uniformity of the coupling 
structure is abandoned. By shaping the CPW slot width (variable coupling coefficient) 
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Figure 5.28 Phase relations at the output ports of the 3-dB coupler. A phase difference 
of 90°is only obtained for the symmetric case around 50 GHz. 
constant), an even better performance is feasible. It is shown in [142], for example, that 




< | ; 0<zuz2<l, (5.23) 
which is a less restrictive requirement than (pi — p2)l <C TT/2 for the uniform structure, 
where I is the length of the coupling section. 
So far, the phase difference IS21 — ZS31 at the output ports was not considered. 
Unlike symmetrical couplers, a frequency-independent 90° phase difference is not inher-
ently obtained for asymmetric coupling structures. Figure 5.28 shows the phase relations 
of the 3-dB coupler when the input and output reference planes of the SIW are identical 
to those of the CPW section. If a specific phase difference is needed, the technique pro-
posed in [137] can be applied, which involves a shift of the reference planes and leads to 
relatively constant phase relations. 
The coupling behavior of the hybrid SIW-CPW structure in Figure 5.16 was also ex-
amined for low-permittivity substrates. No significant difference is observed when the 
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dimensions, in particular the SIW width and the CPW slot width, are scaled appropri-
ately. A disadvantage is the much longer coupling length due to the increased wave-
lengths in low-permittivity materials. Moreover, the CPW impedance has to be changed 
to a higher value (ss 90 £1), if the slot width should remain within a reasonable range. 
5.4.3 Prototype fabrication and measurements 
Both couplers, the 3-dB and the 0-dB version, were fabricated on polished alumina 
substrate from CoorsTek®. Instead of the continuous SIW side walls used for the preced-
ing analysis, periodic metallized vias were used to realize the SIWs in a mechanically 
robust way. Long and large rectangular vias as those suggested in section 5.2 were used 
to ease the fabrication process. As a result, the SIW is operated between the first and 
second stop bands, caused by distributed Bragg reflection in the periodic structure. The 
gaps between the vias slightly increase the phase constant of the guided wave and there-
fore the SIW width a needs to be decreased from 1.47 mm to 1.44 mm to account for 
this effect [136]. All other dimensions were maintained as given in Table 5.2. Since 
any connection of the miniature SIW inputs to the coaxial ports of the network analyzer 
is extremely difficult at frequencies around 50 GHz, the CPW-SIW transition presented 
in subsection 5.3.1 was used to enable coplanar probe contacting on a probe station. 
A photograph of a fabricated 0-dB coupler is shown in Figure 5.29. Oblong holes for 
the vias were cut into the alumina substrate by a laser. The entire substrate was then 
covered with a 2 urn gold metallization by means of a sputtering process, followed by 
photolithographic etching of the CPW structures. Since the probe access was limited 
and only two probes were available, the free input and output ports were terminated by 
resistive 100-17 thin-film pads in each of the CPW slots. In this way, reflections can be 
kept at moderate levels, although tolerances for the load impedances could not be tightly 
controlled. Isolation measurements could not be conducted because of the space restric-
tions. Figure 5.30 shows the measurement results for the 3-dB coupler in comparison to 
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Figure 5.29 Photograph of a fabricated O-dB CPW-SIW coupler with transitions from 
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Figure 5.30 Measured and simulated S-parameters of the 3-dB coupler including the 
CPW-Sr\V transitions. 
simulations of the lossy model, which also includes the transitions. Each of the measured 
curves was obtained from a different coupler with relocated load terminations. Since the 
reference plane of the calibration was at the probe tips, the insertion loss includes the 
transition loss. The discrepancy between simulation and measurement can be explained 
by underestimated losses in the CPW sections. Field singularities at the conductor edges 
and surface roughness are not properly taken into account in the simulations, so that the 
actual losses are generally higher. Another reason might be the poor quality of the gold 
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Figure 5.31 Simulated and measured isolation and return loss of the 3-dB coupler 
including the transitions. 
metallization in the laser-cut vias with uneven walls. Measured S-parameters still con-
firm the wideband operation predicted by theory and simulations. Backward scattered 
waves caused by discontinuities cannot be determined by the provided theory and it is 
therefore not possible to calculate the level of isolation and return loss. 3-D simulations 
with CST-MWS indicate that both the isolation and the return loss are in the range of 
-20 dB to -15 dB, as shown in Figure 5.31. However, this relatively poor isolation can 
be greatly improved by using matching sections or tapers to reduce the reflections at the 
beginning and end of the coupling section. 
Measured and simulated S-parameters for the 0-dB coupler are shown in Figure 5.32. 
The frequency of maximum power transfer from the CPW to the SIW matches the sim-
ulated result very precisely. Including the transition, the measured insertion loss at this 
point at 50 GHz is -2 dB. 
Diverse applications can be considered for the presented hybrid coupling structure. 
They include, for example, transitions, six-ports, antenna feeding networks, active an-
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Figure 5.32 Measured and simulated S-parameters of the 0-dB coupler including the 
CPW-SIW transitions. 
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Figure 5.33 Examples for other possible hybrid coupling structures: (a) SIIG-CPW and 
(b) SIIG-SIW. 
CPW-SIW coupler is also interesting for active traveling-wave antennas with distributed 
amplification in the feed path, similar to that presented in [143]. An optical modula-
tor based on this coupling mechanism is proposed in [144]. Different hybrid coupling 
structures based on the same principle may be realized by combining other substrate in-
tegrated waveguide structures, e. g. an SIIG in combination with a CPW or an SIW, as 
shown in Figure 5.33. Furthermore, coupling from a CPW on the upper side of the SrW 
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to another CPW on the bottom side can be realized. This creates a great flexibility in the 
design of substrate integrated circuits. 
5.5 Substrate integrated circuits 
5.5.1 Concept 
The ultimate goal that is strived for with substrate integrated waveguide technolo-
gies is to integrate planar and non-planar waveguide structures into a common medium, 
i. e. a planar dielectric substrate. The resulting technology is known as the substrate 
integrated circuits (SICs) [145]. One of the most advantageous features offered by the 
SIC technology is the feasibility of simple and precise interconnections between pla-
nar transmission lines and non-planar waveguide structures being synthesized in planar 
form. Post-production tuning is not necessary due to the attainable high fabrication and 
alignment precision. The transitions shown in this thesis enable the construction of hy-
Figure 5.34 Example of a hybrid SIC: integration of various waveguide technologies 
on the same substrate. 
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brid SICs in which the specific benefits of each single guiding structure are exploited. 
Transmission lines like microstrip and CPW provide the necessary compatibility with 
lumped and active devices and with MMICs, whereas the shielded SIW is an ideal can-
didate for integrated cavity resonators and filters due to its high Q-factor. The open 
waveguide character and low attenuation of the SIIG allows for very efficient and flexi-
ble integrated front-end antennas in the mmW through terahertz ranges. An imaginable 
example of a hybrid SIC is shown in Figure 5.34. This single-layer example may be 
extended to a multi-layer structure and can be realized by an appropriate fabrication pro-
cess, e. g. LTCC. Since the development of such a relatively complex hybrid fabrication 
process is a long and difficult task, the successful application of the SIC approach is 
demonstrated by a simplified example in the following subsection. 
5.5.2 Hybrid integration of an MMIC with an SIIG antenna at 60 GHz 
In order to demonstrate the feasibility of hybrid SIC integration of active devices with 
passive SIIG components, a 60-GHz receiver front-end was realized, comprising the 
SIIG rod antenna of section 3.1 and an LNA in MMIC die form. The planar rod antenna 
was selected among the the three different types of SIIG antennas in chapter 3, since it 
is easy to fabricate and because the inclined main beam direction allows for line-of-sight 
path measurements by means of a probe station. In this example, the miniature MMIC 
is interfaced with the relatively large antenna via the transition presented in section 2.3. 
The used LNA with part number HMC-ALH382 belongs to the Velocium™ product line 
from Hittite® Microwave Corporation. It has a specified gain of typically 21 dB, 3.8 dB 
noise figure, and a die size of 1.55 mm x 0.73 mm x 0.1 mm. The optional insulation 
film was omitted and a milled metal base was used as ground plane. The described 
assembly with part description is shown in Figure 5.35. Although flip-chip mounting 
of the MMIC on the alumina substrate can offer a considerable decrease in insertion 
loss [112], a more standard wire-bonding connection was used, where the MMIC is 
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Figure 5.35 CAD assembly of the substrate integrated 60-GHz front-end (active SIIG 
rod antenna). 
Figure 5.36 Simulated electric field at ground plane level and on a centered vertical 
plane. 
mounted on the metal base by silver epoxy. This type of connection is also used and 
recommended in the LNA data sheet so that a direct comparison is possible. Alumina 
substrate of 0.635 mm thickness is suitable for single-mode operation of the SIIG in 
the 60-GHz band. Simulations were carried out by the CST-MWS time domain solver, 
respective E-fields are shown in Figure 5.36. This field visualization demonstrates how 
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Figure 5.37 H-plane (1.) and E-plane (r.) radiation patterns of the simulated SIIG rod 
antenna including the CPW-SIIG transition at 60 GHz. 
the guided wave in the SIIG is gradually matched and radiated into free space at an 
elevation angle of about 30° from the ground plane. Corresponding radiation patterns 
are shown in Figure 5.37. At 60 GHz, the theoretical peak gain is 11.5 dBi at 4> = 90° 
and 6 = 63°. Based on an assumed conductivity of 2.0-107 S/m and tan<5 = 0.0005 for the 
alumina substrate, the simulated radiation efficiency is 90 %. The use of cheaper, lossier 
materials degrades this very good value, but efficiencies between 60 % and 70% can still 
be expected in practical situations. 
Prior to testing the performance of the entire active mmW front-end, the input re-
turn loss of the CPW-SIIG transition and rod antenna was measured without the LNA 
installed. Figure 5.38 shows the obtained results in comparison with simulations. Initial 
results for an optimized transition indicate a wide operating bandwidth with a return loss 
lower than -20 dB in the 60-GHz target band. Although the test results do not achieve 
the same low level, they attest a return loss better than -11 dB up to 65 GHz which is 
satisfactory for an antenna application. Fabrication tolerances that give rise to an air gap 
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Figure 5.38 Measured and simulated input return loss of the SIIG rod antenna including 
the prior CPW-SIIG feed transition. 
between the substrate and the ground plane are the most probable cause for the deterio-
ration, as is confirmed by the second simulated curve in Figure 5.38. 
The properties of the LNA MMIC were verified for the given environment in a sep-
arate experiment. The LNA's input and output were wire-bonded to short CPW sections 
on the surrounding alumina substrate in a similar assembly as later used for the active 
antenna. Due to fabrication difficulties, two parallel 25-um gold wires were used for 
each connection instead of 75 urn x 13 urn gold ribbons as suggested in the data sheet. 
Test results are shown in Figure 5.39 for the recommended bias voltage of 2.5 V and a 
drain current of 64 mA. Compared to the specifications in the data sheet, the round bond 
wires are responsible for some additional insertion and return loss. In the target band, 
the gain is in the range of 18.5 dB to 19.5 dB. 
In a next step, the performance of the entire active mmW front-end was evaluated. 
A photograph of the wire-bonded LNA die and the transition to the SIIG is shown in 
Figure 5.40. Antenna measurements of the prototype could not be carried out in the 
anechoic chamber, because a probe station is required for contacting the CPW output. 
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Figure 5.39 Measured gain, input and output return loss of the wire-bonded LNA die. 
Figure 5.40 Photograph of the wire-bonded LNA die and SIIG transition. 
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Figure 5.41 Photograph of the measurement setup. The transmitting antenna was lo-
cated in a line of sight to the antenna under test and was aligned for minimum transmis-
sion loss. 
Since good agreement of simulated and measured radiation patterns is already shown for 
the SIIG rod antenna in section 3.1, they were omitted in this experiment. However, it 
is possible to carry out path loss measurements with the active SIIG rod antenna placed 
on the chuck of the probe station. For this purpose, a prior LRM calibration to the probe 
tips was carried out on a calibration substrate. Then, one probe was removed and the free 
port of the VNA was connected to a standard gain horn antenna instead. The resulting 
measurement setup as shown in Figure 5.41 was used to determine the insertion loss be-
tween the transmitting horn antenna and the receiving SIIG rod antenna. This experiment 
was first conducted without the LNA installed. Subsequently, the MMIC was added and 
the insertion loss was again measured. Figure 5.42 shows both obtained curves over fre-
quency. Test results are somewhat noisy as a consequence of the high added loss by the 
long 1.85 mm coaxial cables (approx. 1 m for each port), the free space loss between the 
antennas, and the limited receiver sensitivity of the VNA in this frequency range. This 
is especially true for the experiment without LNA amplification, which is why a subse-
quently smoothed curve was superposed. An insertion loss of -31.5 dB was measured 
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Figure 5.42 Measured insertion loss with and without mounted LNA. 
around 60 GHz for optimal alignment of the antennas in the mutual beam maximum. 
The optimum was found at an inclination angle of 30° (9 = 60°), slightly more than the 
simulated 27°. The flat curve progression observable in Figure 5.42 indicates an almost 
frequency-independent main beam direction. The LNA adds effectively the gain which 
was obtained before in a separate measurement (see Figure 5.39, so that the concept of 
hybrid SIC integration is successfully demonstrated. 
In good approximation, the rod antenna gain can be extracted from the determined 
insertion loss. A constant distance of 80 cm was kept between the horn antenna and the 
antenna under test. The free-space path loss (FSPL) for isotropic antennas is obtained 
by the Friis transmission equation: 
Pt UTTR) 
(5.24) 
where Pt and Pr are the transmitted and received powers, respectively, A is the free-
space wavelength, and R is the distance between the two isotropic antennas. The result 
is -66.1 dB for the given distance at 60 GHz. Of course, the antennas' gain must be taken 
into account to obtain the actual transmission loss. Although the atmospheric attenuation 
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Table 5.3 Summary of arising transmission losses. 
Magnitude Value [dB] 
Free-space path loss (R = 80 cm) -66.1 
Predicted SIIG rod antenna gain +11.5 
Horn antenna gain +20.2 
Removed probe +1.5 
Expected insertion loss = -32.9 
is high in the 60 GHz band, it can be neglected for such small distances. Table 5.3 lists a 
summary of the described losses and gains. The removed waveguide probe accounts for 
a negative loss of 1.5 dB, a value which was determined in a separate test. Altogether, 
the expected transmission loss from the horn antenna input to the CPW output of the 
SIIG rod antenna (without following LNA) is -32.9 dB. The actually measured insertion 
loss is only -31.5 dB, however. The difference can be explained either by inaccuracies 
in the measurement procedure or by a higher gain of the SIIG rod antenna as predicted 
by simulations or a combination of both. In fact, the measured insertion loss is lower, 
which suggests that the hybrid circuit actually has very low loss. 
In spite of small discrepancies due to the particular measurement procedure, the use-
fulness of the SIIG in SIC technology is successfully proven by this example. Future 
work will deal with more complex SICs which also involve the SIW as a waveguide 
structure that is particularly suitable for planar mmW band-pass filters. 
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CONCLUSION 
Communication systems operating at mmW frequencies are expected to have a bright 
future [146,147]. Upcoming high definition video streaming and other applications like 
fast data synchronization of mobile devices require the huge bandwidth capacities of-
fered by mmW technology. The unlicensed 60-GHz band could have a particular impact 
in this sector. Radar for civil applications, especially the automotive sector, also take 
advantage of the high resolution and favorable propagation characteristics of millime-
ter waves. It is beyond controversy that parts of the electromagnetic spectrum in the 
upper mmW and terahertz ranges are essential for all kinds of imaging systems, spec-
troscopy of chemical substances, and material science. The shift to higher frequencies, 
or equivalently, to shorter wavelengths, simultaneously involves a change of the under-
lying technologies. A multitude of problems arise, which were formerly not known at 
lower frequencies. This is especially true for the lossy wave propagation in integrated 
waveguides that are used in all kinds of mmW components and entire circuits. The 
main cause are the considerable conduction losses, which rise disproportionately with 
frequency. Traditional hollow metal waveguide, although offering outstanding perfor-
mance, is definitely not an option for commercial products by reason of its cost, size, 
and weight. Although extensive research on alternative dielectric technologies was con-
ducted in the past decades, many of those approaches are not suitable for actual imple-
mentation in a high-volume production chain. Dielectric waveguides are nowadays still 
seen as too bulky and, since they require complex fabrication procedures, too expensive 
for mass products. 
The novel approach followed in this thesis is the consequent integration of the di-
electric image guide in a planar substrate. Today, planarity is the most significant re-
quirement for large-scale integration and mass production. Planar substrates are used in 
almost all high-frequency circuits and systems and are indispensable as soon as integra-
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tion in small spaces and the lowering of manufacturing costs for high-volume production 
are important. It is for this reason that originally non-planar waveguide structures with 
superior performance need to be embedded into planar substrates. The image guide 
is one of the simplest geometries among a multitude of integrable dielectric waveguides 
and was therefore preferred over others. In a first step it was shown how the conventional 
dielectric image guide can be synthesized on an ordinary planar substrate by perforation 
of specific zones in the substrate. This new waveguide structure, the so-called substrate 
integrated image guide (SIIG), was then analyzed for its guidance properties. A brief 
review of existing approximate analytical and rigorous numerical methods of analysis 
for uniform dielectric waveguides showed that these are not applicable to the SIIG. The 
SIIG's non-uniformity demands for numerical techniques which are capable of discretiz-
ing the complex periodic structure accurately. Two different methods of analysis were 
proposed, which are compatible with commercial full-wave simulation software and pro-
vide accurate and connsistent results. Those methods were subsequently used to carry 
out extensive simulation studies on the SIIG's propagation characteristics in dependence 
on its dimensional parameters. Design guidelines were developed in order to optimize 
the operating bandwidth, attenuation, and leakage of the SIIG. Particular attention has 
to be paid to electromagnetic band gaps and leaky-wave radiation due to the periodic 
structure of the SIIG. In this context, the differences between the SIIG and sometimes 
similar-looking 2-D photonic crystal (PC) defect waveguides were clarified. The wave 
guidance in the SIIG is exclusively based on total reflection due to a refractive index 
contrast, whereas the PC waveguide uses an electromagnetic band gap effect in at least 
one lateral dimension. This has important consequences on the operating range, the 
propagation behavior, and potential leakage. For this reason, those two waveguides have 
to be regarded from two separate perspectives. Indispensable novel transitions were de-
veloped in order to be able to interface the SIIG with standard measurement systems and 
integrated circuit technology. Besides a wideband transition to metal waveguide, a novel 
transition to CPW was developed. It fulfills major requirements such as very low radi-
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ation loss, large bandwidth, high directivity, and eased fabrication on high-permittivity 
substrates at very high frequencies. CPW was chosen because of its compatibility with 
mmW MMICs and with thick substrates. Due to the open, unshielded character of the 
SIIG, a main field of application are integrated dielectric antennas. Three different ver-
sions of SIIG antennas for mmW front-ends were proposed. It is noteworthy that the 
field-trapping effect known from other antennas on high-permittivity substrates like alu-
mina or silicon is easily overcome by the proposed designs. In this manner, dielectric 
antennas can be fabricated on the same substrate as MMICs, resulting in the lowest con-
nection and feeding loss possible. The presented antenna types have medium to high gain 
and either a static or a frequency-steerable beam. An advantage shared by all presented 
dielectric antennas is the exceptionally high efficiency at mmW frequencies, which is a 
consequence of the low conductor loss. 
As a dielectric waveguide, the SIIG suffers from severe radiation at sharp bends. 
Although possible but complex ways to improvement were identified, no effective and 
simple solution to that general problem of dielectric waveguides could be found so far. 
Preferred applications for the SIIG are therefore those which can be realized with straight 
or only slightly bent SIIG sections. In order to still enable efficient power dividing into 
a number of parallel SIIG channels regardless of this problem, a slab-mode power di-
vider with superimposed planar lenses was studied in detail. Simulation results showed 
good amplitude and phase balance. Relatively high insertion loss can be explained by 
TM-TE mode coupling and reflections from the abrupt lens interfaces. Nevertheless, it 
can be expected that the developed design achieves very low loss if the multitude of in-
terdependent parameters is carefully adjusted. As a continuation of this project, it would 
then be possible to realize quasi-optical slab-mode power combiners with wider band-
width, lower loss, and lower cost than any comparable solution can offer. In an effort to 
combine differing substrate integrated wave-guiding structures in hybrid SICs, the prop-
erties of microstrip, CPW, SIW, SINRD, and SIIG were compared with each other. The 
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SIIG was found to be the one with the lowest loss in high-permittivity substrates. Due 
to its very low conductor loss, the SIIG is furthermore a promising submillimeter and 
terahertz waveguide. In order to achieve compatibility between the SIIG and the SIW 
on a common substrate, the SIW was adapted for fabrication on electrically thick high-
permittivity substrates. Basically, this involves enlarged vias and a rectangular shape, 
so that the leakage is reduced at simultaneously increased structural stability. However, 
wider gaps between adjacent vias also cause increased reflections towards the SIW in-
put. To mitigate this effect, improved matching was achieved by properly taking into 
account the Bloch impedance of the periodic structure. Appropriate transitions between 
SIW and SIIG were designed for indispensable interconnections on the common sub-
strate. A novel forward coupling mechanism between the SIW and a CPW in the top 
broad wall was studied in detail and prototypes were realized. SIC components such as 
distributed phase shifters or amplifiers can be designed on the basis of this geometry. In 
order to demonstrate the usefulness of the SIC concept, an active SIIG rod antenna was 
realized. The prototype has proven the feasibility of hybrid integration of a miniature 
MMIC with a highly efficient directional 60-GHz antenna, thus enabling the design of 
high-performance mmW front-ends. 
So far, the conducted research work has resulted in eight journal and conference pub-
lications (several others submitted or planned) and one international patent application 
under the Patent Cooperation Treaty (PCT). 
The principal scientific contributions of this thesis are the following: 
• A novel synthesized dielectric waveguide structure, the SIIG, was proposed and 
analyzed. Compared to the existing standard image guide, it has similar low-loss 
wave guidance properties, but possesses decisive advantages concerning ease of 
manufacturing, fabrication tolerances, cost-efficiency, integrability, and alignment 
precision in hybrid circuits. 
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• Two different techniques for accurate analysis of the SIIG's propagation properties 
were developed, which allow to include leakage and radiation phenomena that 
occur in connection with the periodic open dielectric waveguide. 
• The practicability of the fabrication and the predicted performance were proven 
by means of realized prototypes. 
• In-depth investigation of several potential approaches led to an original transition 
concept, which uses a simple but efficient and broadband dielectric slab-mode 
launcher. In this manner, it is possible to interconnect two absolutely dissimilar 
waveguides, the CPW and the SIIG, with minimum radiation loss. 
• Considering the proposed SIIG as a feed line, the well-known dielectric rod an-
tenna was modified to a planar version. The result is a highly efficient wideband 
antenna of simple geometry. 
• An original design of SIIG linear array antenna was developed. Other than or-
dinary leaky wave antennas, it uses specially designed radiation elements which 
enable frequency steering through broadside direction without inducing an elec-
tromagnetic bandgap, as it is common for this type of antennas. An extended 
theory is presented, which describes the exact scan limits of the main beam at 
simultaneous avoidance of grating lobes. 
• A new design concept led to a patent-pending "dielectric slab-mode antenna". The 
proposed antenna is compact, capable of hybrid integration, provides medium to 
high gain, and has a very high radiation efficiency. 
• Two-dimensional quasi-optical power splitting using a grounded dielectric slab as 
waveguiding medium and a planar lens configuration was shown to be feasible. 
This approach exploits the low transmission loss of an open dielectric technology, 
whereas radiation losses can be kept at a much lower level than by use of SIIG 
Y-branches or bends. 
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• Different SIC waveguides were compared quantitatively for the first time and it 
was shown that the SIIG is, by far, the guiding structure with the lowest transmis-
sion loss. The fact that conduction loss is the less important loss mechanism may 
anticipate its use in the terahertz range. 
• Hybrid CPW-SIW forward couplers were developed for the mmW range together 
with a corresponding coupled-mode theory. Such couplers can be designed for an 
arbitrary coupling level up to 0 dB, which also makes them useful as transitions. 
• Successful integration of a 60-GHz LNA MMIC with an SIIG antenna demon-
strates the benefits of active SICs at very high frequencies. 
As for the future development of the SIIG technology, many other components are 
still to be designed in this low-loss technology in order to build up a comprehensive li-
brary. A large variety of devices in standard image guide technology were published in 
the last decades, which suggests a knowledge-transfer similar to that from metal wave-
guide to SIW. Although the extensive guided electromagnetic fields around the actual 
SIIG guiding channel may be considered as a disadvantage for large-scale integration, 
they can facilitate all kinds of coupling structures. The desired coupling coefficient, 
e. g. to a whispering gallery dielectric resonator, is much better to accomplish in prac-
tice at very high frequencies. The coupling behavior between adjacent image guides 
was studied intensively. Asymmetric image guide forward couplers seem to yield the 
largest bandwidth and flattest transfer function [140]. Integrated dielectric narrowband 
filters [15] are based on coupled dielectric gratings that are operated in a DBR mode. 
Although difficult to design, they might become the preferred choice for future devel-
opments in the upper mmW and terahertz ranges, because the conductor losses of other 
technologies are to significant at those frequencies. The high achievable Q-factors de-
pend predominantly on dielectric dissipation losses. Commercial suppliers today offer 
ceramics with custom permittivity and extremely low dielectric loss. In addition, pre-
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cise micro-fabrication techniques such as DRIE are very well suited for semiconductors, 
which also have very low dissipation factors up to very high frequencies if they are in 
a pure, undoped state. Moreover, ion etching is less expensive for miniature terahertz 
components that require thinner substrates and very high alignment precision can eas-
ily be achieved by the SIIG technology. Electronically controlled millimeter-wave phase 
shifters are realizable by using a piezoelectric transducer which approaches or removes a 
dielectric material. In this way, the propagation constant of the SIIG is influenced locally 
without adding significant loss. Using semiconductor substrates such as silicon or gal-
lium arsenide, infrared (IR)-controlled SIIG components are feasible. The resistivity of 
those materials rises drastically under the incidence of IR light due to a generation of free 
charge carriers and so does the dissipation factor. Simple, but effective variable attenua-
tors were demonstrated by applying this technique to standard image guides [119]. The 
Q-factor of dielectric resonators and filters can be influenced in the same way, allowing 
for switches and reconfigurable multiplexers. 
The revived interest in dielectric technologies can be noticed in the rising number of 
related publications. More researchers and engineers again start to consider dielectric 
technologies with a view to systematic mmW circuit and system integration. The SIIG 
is definitely a promising candidate in this field. However, the full potential of the SIIG 
and other substrate integrated waveguide structures can only be exploited by combining 
them in hybrid SICs. It is therefore imperative to advance and refine the manufacturing 
processes in order to be able to accommodate the differing structures on a common 
platform. The future of millimeter-wave technology lies in successful hybrid integration. 
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